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Novel biosynthetic concepts for the production of β-lactam
antibiotics in Penicillium chrysogenum
Stefan S. Weber, Roel A.L. Bovenberg and Arnold J.M. Driessen
Industrial production of β-lactam antibiotics by the filamentous fungus Penicillium 
chrysogenum is based on successive classical strain improvement cycles. The analysis 
of strain lineages has led to the identification of several important alterations in 
high-yielding strains, including the amplification of the penicillin biosynthetic gene 
cluster, elevated transcription of genes involved in biosynthesis of penicillin and 
amino acid precursors, and genes encoding microbody proliferation factors. In 
recent years, successful metabolic engineering and synthetic biology approaches 
have resulted in the redirection of the penicillin production pathway towards the 
production of cephalosporins. Such advanced metabolic engineering programs 
set a new direction in industrial antibiotics productions towards more sustainable 
methods for the fermentative production of unnatural antibiotics and related 
compounds. 
Published in modified form in Biotechnology Journal (2012) 7(2):225-236.
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Introduction
Since the discovery of penicillin produced by Penicillium notatum by 
Alexander Fleming (21, 42), β-lactam antibiotics have influenced the quality 
of life dramatically. The biosynthetic gene cluster that is responsible for 
the production of penicillin was most likely obtained by filamentous fungi 
from a bacterial source about 370 million years ago through horizontal gene 
transfer (19, 22, 60, 131). The presence of the penicillin biosynthetic gene 
cluster is believed to be of ecological importance for fungi when competing 
with other organisms, but these molecules might also function in signaling 
in as yet unknown processes.
The penicillin biosynthetic gene cluster in P. chrysogenum consists of 3 genes 
pcbAB, pcbC and penDE (Fig. 1) (49). The pcbAB and pcbC genes show some 
prokaryotic features as they do not contain introns and are very homologous 
to their bacterial orthologues. Other features to be considered in order to 
address the origin of the biosynthetic gene cluster are the GC content and 
codon usage. 
However, the GC content of the penicillin biosynthesis cluster is only 
slightly higher than the overall genome average while the codon usage of 
the most diverged phenylalanine-codon UUU is not very different from the 
genome-wide usage of UUU in P. chrysogenum. It is generally believed that 
Figure 1: Schematic representation of β-lactam producing biosynthetic gene clusters from P. chrysogenum, 
A. chrysogenum, S. clavuligerus and N. lactamdurans. Transporters located within the biosynthetic gene 
cluster are indicated in white.
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the biosynthetic gene cluster has undergone codon adaptation, which makes 
it now more fungal like (142). 
All modern industrial production strains are derived from Penicillium 
chrysogenum NRRL 1951 that was isolated from an infected cantaloupe (111, 
142). During the last 70 years, classical strain improvement (CSI) has led to 
significantly increased β-lactam production from 0.5 -1 g/l in the 1950s to 
more than 40 g/l in modern production strains (32). Therefore, P. chrysogenum 
can be considered as an excellent cell factory for the production of β-lactam 
antibiotics. The genetic analysis of industrial production strains resulted in 
the identification of several important alterations that contributed to this 
increased production. A major element is the amplification of the penicillin 
biosynthetic gene cluster (39). However, several other developed features 
make the current industrial strains superior for antibiotics production and 
these are discussed in the following sections.
Toolbox development in P. chrysogenum
As mentioned above, in the past decades CSI has been the method of 
choice for the improvement of β-lactam production. However, a large part 
of the molecular basis of the improvements made in this process remains 
unclear. Recent developments have made industrial strains accessible to 
genetic engineering allowing a more direct analysis of the results of the 
CSI program. As in all eukaryotes, P. chrysogenum can acquire foreign DNA 
via two pathways, the Non-Homologous End Joining (NHEJ) pathway 
and Homologous Recombination (HR). In P. chrysogenum NHEJ is the 
preferred pathway for integration. Recently, the ku70/80 homologues in 
P. chrysogenum have been identified. The ku70/80 protein complex acts as 
a ‘bridging’ complex in the fusion process during the NHEJ process (36, 
109). Deletion of the ku70 homologue in Aspergillus niger (kus70) allows for 
85% targeted transformation efficiency (94). Deletion of either the ku70 or 
the ku80 homologue in P. chrysogenum significantly reduces the function 
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of the NHEJ pathway (124), making HR the preferred pathway of foreign 
DNA integration. This important step paved the way for ‘easy’ targeted 
inactivation or alteration of expression of specific genes. 
With the availability of the genome sequence of P. chrysogenum Wisc54-1255, 
genome-wide approaches to compare evolved strains, to study different 
growth conditions or genome modifications, have become possible (142). 
Using transcriptomic or proteomic approaches, potential bottlenecks and 
changes in transcript or protein levels during the CSI process can be identified 
(62, 143). For example the identification of a gene possibly involved in the 
residual catabolism activity of PAA, shows that genome-wide approaches 
can be used to gather interesting leads in order to further improve β-lactam 
production (53). Another observation in the transcriptomic analysis of the 
biosynthetic gene cluster was that the expression of the genes in the cluster 
is independent of the presence of precursors in the medium (53, 142).
β-lactam biosynthesis
Precursor biosynthesis. Biosynthesis of β-lactam antibiotics starts with the 
condensation of L-α-aminoadipic acid, cysteine and valine. L-α-aminoadipic 
acid is an intermediate of the L-lysine biosynthesis pathway. The pathway 
starts off with the condensation of α-ketoglutarate and acetyl-CoA into 
homocitrate by homocitrate synthase, of which the majority is localized 
to the cytoplasm (12). In the following steps homocitrate is converted into 
homoisocitrate, α-ketoadipate and L-α-aminoadipic acid (11). The late steps 
of lysine biosynthesis consist of conversion of L-α-aminoadipic acid into 
α-aminoadipate semialdehyde, saccharopine and lysine. Addition of L-α-
aminoadipic acid to the production medium improves β-lactam production 
significantly (86), indicating that the L-α-aminoadipic acid availability can 
be limiting in β-lactam biosynthesis. 
Cysteine biosynthesis in P. chrysogenum depends on the active uptake of 
sulfate into the cell by the SutB transporter that specifies a proton-sulfate 
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symporter (141). Next, sulfate is reduced via sulfite to sulfide and subsequently 
converted into cysteine. In P. chrysogenum only the cytosolic transsulfuration 
pathway for cysteine biosynthesis is demonstrated (29). The transsulfuration 
pathway proceeds via cleavage of L-cystathionine, which is derived from the 
intermediate L-homocysteine that is formed from L-methionine or O-acetyl-
L-homoserine (103).
Biosynthesis of L-valine starts with the condensation of pyruvate and 
hydroxyethyl thiamine pyrophosphate resulting in α-acetolactate. The 
α-acetolactate is then converted into dihydroxyisovalerate, which is 
followed by conversion into α-ketoisovalerate, which is in its turn converted 
into L-valine. All these enzymatic steps are thought to be located into the 
mitochondria. Therefore, L-valine has to be transported into the cytosol in 
order to make it available for β-lactam biosynthesis (80). 
δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS). In the 
first step of the biosynthesis of β-lactam antibiotics three amino acids; L-α-
aminoadipic acid, L-cysteine and L-valine are condensed into the tripeptide 
δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine (LLD-ACV). This involves a 424 
kDa non-ribosomal peptide synthetase (NRPS) called δ-(L-α-aminoadipyl)-L-
cysteinyl-D-valine synthetase (ACVS) (1, 70-72). ACVS is a cytosolic enzyme 
(146), encoded by the pcbAB gene located in the penicillin biosynthetic gene 
cluster. ACVS is a cytosolic enzyme (35, 85, 145). It is a typical non-ribosomal 
peptide synthetase (NRPS) and consists of three main modules, one for 
each amino acid that is used in the condensation reaction. Every module 
comprises domains specialized in partial reactions of the total condensation 
reaction. In the final condensation reaction, adenylation activity, peptide-
bond formation, epimerization and product release is combined into one 
enzyme (72). The first condensation steps couples the δ-amino group of 
aminoadipic acid into an amide bond with the carboxyl group of cysteine, 
whereas the second condensation step concerns a typical peptide bond 
between the cysteine and valine, although an epimerization reaction results 
in the D-configuration of the valine in the final tripeptide.
12
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Isopenicillin N synthase. In the second step of β-lactam synthesis oxidative 
ring closure occurs. The linear tripeptide LLD-ACV is converted into 
isopenicillin N. In this reaction the bicyclic penam nucleus is formed, 
consisting of a β-lactam and thiazolidine ring (24, 72) and an oxygen 
molecule is consumed. The β-lactam and thiazolidine ring are characteristic 
for all penicillins. The enzyme catalyzing this step is isopenicillin N synthase 
(IPNS), a cytosolic enzyme (98) of 38 kDa encoded by the pcbC gene that is 
also part of the penicillin biosynthetic gene cluster. 
Acyl-coenzyme A: isopenicillin N acyltransferase. The third and final step 
in penicillin biosynthesis is catalyzed by the acyl-coenzyme A: isopenicillin 
N acyltransferase (IAT). In this reaction the aminoadipic acid side chain is 
replaced for a phenyl- or phenoxyacetyl group, resulting in penicillin G or 
penicillin V respectively (14, 88, 135, 153). IAT is encoded by penDE, which 
is the third enzyme located within the penicillin biosynthetic gene cluster. 
It encodes a 40 kDa preprotein that undergoes autocatalytic processing at 
Gly102-Cys103, resulting in a hetero-dimeric enzyme consisting of an 11 and 
28 kDa α-and β-subunit, respectively (6, 7). This cleavage reaction is needed 
for activity, since a mutant that is impaired in this process is inactive (44). 
Studies using an ancestor strain of all current high production strains show 
that IAT has broad substrate specificity. It does not only accept a phenyl- 
or phenoxyacetyl group, but also incorporates a wide range of other CoA-
activated hydrophobic side chains resulting in the production of a mixture 
of penicillins (K, F and DF) when no side chain is added to the medium 
(90). When current production strains of P. chrysogenum are grown in the 
absence of a side chain precursor, 6-aminopenicillanic acid (6-APA) is the 
main product (23, 87). The IAT enzyme contains a Peroxisomal Targeting 
Signal (PTS1), and localizes in the microbody. The self processing step that 
cleaves the protein into two domains is required for penicillin G production, 
since a mutant that is impaired in this process is inactive (44).
13
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Side chain activation. IAT is only capable of substituting L-α-aminoadipic 
acid with i.e. phenylacetic acid (PAA) or phenoxyacetic acid (POA) when 
these compounds are supplied as Coenzyme A (CoA) thioesters. One of the 
enzymes capable of performing this reaction is PCL, a phenylacetyl CoA 
ligase encoded by the phl gene that is not part of the penicillin biosynthetic 
gene cluster. PCL contains a PTS1 signal sequence (SKI) and is also localized 
in the microbody. Deletion of the phl gene results only in a partial loss of 
penicillin G production, indicating that other phenylacetyl CoA ligases 
must be present (82). A biochemical characterization showed that PCL is 
not optimized for the activation of PAA or POA, but rather is specific for 
medium chain fatty acids. PCL most likely has evolved from an enzyme that 
is involved in β-oxidation of fatty acids (74). The P. chrysogenum genome 
(142) contains in total 8 potential CoA ligase specifying genes. AclA activates 
long and medium chain saturated fatty acids, and is able to activate adipic 
acid, a side chain precursor used in the production of the cephalosporin 
precursor adipoyl-7-aminodeacetoxycephalosporanic acid (ad-7-ADCA) by 
P. chrysogenum (73). The substrates of the other six CoA ligases are unknown 
and remain to be elucidated. However, each of these enzymes contain a 
PTS1 targeting sequence and likely localize to the microbody. Three of the 
remaining CoA ligases are expressed at very low levels under penicillin 
production conditions, making it unlikely that they are involved in β-lactam 
biosynthesis. Another three CoA ligases are significantly expressed, although 
the absolute expression of two of the three enzymes is significantly lower 
than phl and aclA. Since their expression increases ~2-20 fold under penicillin 
production conditions (73), they are interesting candidates for the remaining 
phenylacetyl CoA ligase activity.
Compartmentalization of the enzymes for β-lactam biosynthesis. 
A remarkable feature of the β-lactam biosynthesis pathway is its 
compartmentalization. The activation and exchange of the side chain occurs 
in the microbody, whereas the formation of the β-lactam nucleus takes place 
in the cytosol. Microbodies are organelles that are found in all eukaryotic cells 
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are important in many different metabolic processes most notably β-oxidation 
of fatty acids. Microbodies consist of a protein-rich matrix surrounded by a 
single membrane (for a review, see reference (129, 133)). Mutants blocked 
in the biogenesis of microbodies have a significantly reduced penicillin V 
production, suggesting that these organelles present a suitable environment 
for β-lactam production. Another observation is that the number of 
microbodies is significantly increased in higher β-lactam producing strains 
(93). When the PTS1 targeting signal was removed from IAT, the enzyme no 
longer localizes to the microbody, but instead is diverted to the vacuole and 
the cytosol. In these cells, penicillin biosynthesis is completely abrogated 
(97), likely because side chain activation by PCL occurs in the microbody. 
Thus, the activated side chain is not available to the cytosolic IAT. In this 
respect, in A. nidulans IAT is localized to both the cytosol and microbody, and 
in the absence of the microbody localized enzymes still substantial penicillin 
biosynthesis occurs. This suggests that in A. nidulans, there is a mechanism 
of cytosolic CoA activation of side chains. Furthermore, the possibility that 
IAT is completely inactive in the cytosol is unlikely because an engineered 
H. polymorpha mutant unable to produce microbodies but expressing pcbAB, 
pcbC, penDE and phl from P. chrysogenum, is capable of penicillin G production 
albeit at significantly lower amounts as compared to the H. polymorpha 
strain that produce microbodies (46). Furthermore, overexpression of the 
microbody proliferation gene pex11 in P. chrysogenum results in an increase 
in microbody numbers, and concomitantly an increased yield of penicillin V 
whereas it has no effect on the IAT and PCL levels in the cells (67). This has 
led to the suggestion that the microbody volume is an important element 
of β-lactam production. Alternatively, the increased membrane surface may 
promote β-lactam production as it will maximize the flux of the side chain 
precursors that are believed to permeate these organelles by passive diffusion. 
Another study focused on the degradation of microbodies. Autophagy of 
cell organelles is a conserved mechanism to degrade and recycle proteins in 
the vacuole (136). Inhibition of this process results in an increased amount of 
microbodies, while sporulation was blocked. Further analysis revealed that 
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an industrial strain impaired in autophagy produced a significant higher 
amount of penicillin V (15).
The pH of the microbody lumen in P. chrysogenum is slightly alkaline (pH 
~7.5-8.0) (144), which matches the optimal pH of the IAT and PCL of 8.0 
and 8.5, respectively (2, 3, 74). Thus, these enzymes may function more 
optimal within the microbody than in the cytosol. Other advantages for 
compartmentalization of key enzymatic steps could be a higher concentration 
of both enzymes and substrates within the lumen of the organelle, the 
possibility to prevent the loss of valuable metabolic intermediates that 
may divert into unwanted side reaction pathways, and/or regulation of the 
pathway (34).
Regulation of β-lactam biosynthesis in P. chrysogenum. Up to now, no 
specific regulators have been identified within the penicillin biosynthetic gene 
cluster or elsewhere in the genome. β-lactam production in P. chrysogenum 
is influenced by several global regulators. A 1.16 kb bi-directional promoter 
region is located between the pcbAB and pcbC genes (28) and multiple different 
regulatory nucleotide sequences have been identified in this region (76). 
Among these are several recognition sequences for PacC, a pH-dependent 
transcription factor (134). PacC has been shown to bind to the bi-directional 
promoter region between pcbAB and pcbC (128). The β-lactam biosynthesis 
pathway is also under control of glucose repression (112, 113). In A. nidulans, 
the effect of glucose can be reversed by an alkaline pH (33). However, in 
P. chrysogenum this is not the case (50). Furthermore, the NRE regulator 
involved in nitrogen metabolism also plays a role in β-lactam biosynthesis. 
In vitro studies suggest that NRE binds to specific sites in the bi-directional 
promoter region and hereby mediates nitrogen metabolite repression (51).
The global regulator LaeA controls secondary metabolite formation, amongst 
which penicillin production, as well as sporulation and pigmentation. LaeA is 
a protein methyltransferase (17), which are known to have an important role 
in transcriptional control on euchromatic and heterochromatic chromosomal 
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domains (83, 102, 111). Overexpression of LaeA in a low yielding P. 
chrysogenum strain resulted in a 20-25% increase in penicillin production, 
while inactivation of the laeA gene causes a decrease of penicillin production 
by 40-50% (75). In A. nidulans, LaeA was shown to interact with VeA. Together 
with VeB, these proteins form the Velvet complex. This heterotrimeric 
complex moves in and out of the nucleus in the response to light (16, 40). 
In A. chrysogenum deletion of velA resulted in a decreased expression of all 
genes in the cephalosporin biosynthesis cluster. Also in A. nidulans deletion 
of veA has been shown to have a negative effect on expression of pcbAB, but 
a positive effect on pcbC, resulting in both cases in decreased ß-lactam levels. 
(31, 64, 126). Deletion of the laeA or velA gene leads also in P. chrysogenum P2 
to a dramatic decrease in penicillin V production (59). 
Metabolic engineering for the production of β-lactam antibiotics
Classical strain improvement. The industrial production of β-lactam 
antibiotics using P. chrysogenum is based on successive CSI cycles using 
chemical and UV-induced mutagenesis and strain selection. One of the most 
important phenomena in high-producing strains is the amplification of the 
penicillin biosynthetic gene cluster in between a set of tandem repeats (39, 
99, 122). In high yielding strains, up to 8 copies of the penicillin biosynthetic 
gene cluster can be found. Directed introduction of additional copies in 
the early production strain P. chrysogenum Wisconsin54-1255 that contains 
only one copy of the cluster resulted in elevated penicillin production levels 
(132). Recently a “reversed” study of the effect of the penicillin biosynthetic 
gene cluster amplification was performed using a series of isogenic strains 
derived from a former industrial production strain. The transcription of 
the biosynthetic genes increased almost linearly with the biosynthetic gene 
cluster copy number, saturating only at high copy numbers. The ACVS and 
IPNS protein levels correlated well with the transcript levels, but the IAT 
protein only increased 2-fold while the gene copy number increased 8-fold 
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(100). High copy number strains also accumulate isopenicillin N consistent 
with a limitation in the biosynthetic pathway at the level of IAT. This now 
allows for more directed engineering approaches to improve the biosynthetic 
flux towards penicillins.
Reduction of the biosynthetic gene cluster copy number in a high yielding 
strain to a single copy results in a strain that still produces more than twice 
the amount of penicillin V than the early ancestor single copy strain P. 
chrysogenum Wisconsin54-1255 that comprises a single gene cluster. Thus 
the classical strain improvement program has yielded a production strain 
that in general exhibits a greater potential for penicillin production. This is 
likely due to an optimized precursor biosynthesis capacity of this strain, as 
DNA microarray studies suggest the up-regulation of genes involved in the 
biosynthesis of the precursors L-α-aminoadipic acid, L-cysteine and L-valine. 
In addition, in the high yielding strains, also various transporters are up-
regulated and there is a general trend of down-regulation of other secondary 
metabolite biosynthesis gene clusters (142). Moreover, high yielding strains 
contain increased numbers of microbodies. Likely, several morphological 
aspects of the selected strains contribute to improved properties in industrial 
fermentation. Together, these processes form the molecular basis for the 
greater production potential of strains obtained by CSI.
Metabolic engineering and synthetic biology. Due to the CSI, current P. 
chrysogenum production strains can be considered as good cell factories for 
the production of β-lactam antibiotics. In recent years, it has been a major 
challenge to re-engineer such strains for the fermentative production of 
penicillins that are normally produced through semi-synthetic means or 
the fermentative production of cephalosporins (Fig. 2). Introduction of the 
expandase cefE gene from S. clavuligerus, concomitantly with a feed with 
adipic acid, successfully resulted in the production of commercial levels 
of adipoyl-7-aminodeacetoxy-cephalosporanic acid (ad-7-ADCA) (26, 114, 
115). Adipoyl-6-APA is an excellent substrate for the expandase, and by the 
removal of the adipoyl side chain, the ad-7-ADCA can be converted into 
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7-ADCA by enzymatic catalysis with glutarylacylase (121). The expression 
of the combined cefEF expandase/hydroxylase from A. chrysogenum, allows 
for the production of adipoyl-7-aminodeacetylcephalosporanic acid (ad-
7-ADAC), an excellent synthon for the semi-synthetic production of 
cephalosporins. When the cefG gene from A. chrysogenum that encodes a DAC 
acyltransferase is co-integrated into the genome with cefEF, ad-7-ADAC can 
be converted into adipoyl-7-aminocephalosporanic acid (ad-7-ACA) (26). 
Subsequently, through enzymatic catalysis, ad-7-ACA can be converted 
Figure 2: Penicillin production pathway, and engineered β-lactam production pathways in P. chrysogenum. 
Engineered pathways are displayed in the light grey box, whereas final products of engineered strains 








































































































PAA-CoA L- -AAA + CoA



























































































Novel biosynthetic concepts for the production of β-lactam antibiotics in P. chrysogenum
into 7-aminocephalosporanic acid (7-ACA) by a glutaryl-7-ACA-acylase 
(96).7-ACA is another preferred synthon for semi-synthetic cephalosporin 
production. Significant amounts of intracellular cephalosporin C and 
deacetylcephalosporin C accumulate in a P. chrysogenum strain that lacks IAT 
and/but expresses the A. chrysogenum cefD1, cefD2 cefEF and cefG genes (137). 
Thus by the expression of multiple heterologous genes, the formation of 
sufficient titers of alternative endproducts by P. chrysogenum is a step closer. 
Another approach to produce semi-synthetic cephalosporins is the 
fermentative production of adipoyl-7-amino-3-carbamoyloxymethyl-
3-cephem-4carboxylic acid (ad-7-ACCCA). This can be achieved by the 
introduction of the expandase/hydroxylase cefEF from A. chrysogenum 
and the 3’ hydroxymethylcephem-O-carbamoyltransferase cmcH from S. 
clavuligerus into P. chrysogenum (54). Moreover, the simultaneous expression 
of cefT from A. chrysogenum, encoding a transport protein belonging to the 
major facilitator superfamily (MFS), resulted in a more than 2-fold increase 
of extracellular level of ad-7-ACCCA and a reduced formation of penicillins 
(101). In contrast to feeding with PAA, a large fraction of the added adipic 
acid is used as carbon source for biomass production via the β-oxidation 
pathway (54). This reaction is unfavorable for the economics of the process 
and inactivation of β-oxidation enzymes might be required (54). 
A further challenge is to transfer the penicillin biosynthetic pathway to 
yeast and to take advantage of the fermentation abilities of these organisms. 
Recently, the successful production of penicillin G was reported for an 
engineered H. polymorpha mutant that expressed the pcbAB, pcbC, penDE and 
phl genes from P. chrysogenum, as well as the Bacillus subtilis sfp gene encoding 
a phosphopantetheinyl transferase to activated ACVS (46). This now enables 
further exploration of a yeast-based cell factory for the production of β-lactam 
antibiotics as well as other peptides. 
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Transport of β-lactam antibiotics
Uptake of precursors. The side chain precursors used in the production 
of penicillins are usually weak organic acids. In their undissociated form, 
they may rapidly diffuse across the plasma membrane (65, 151). Also, PAA 
has been shown to enter the cell by passive diffusion across the plasma 
membrane (57). In fungi and yeast cytoplasmic acidification results in the 
inhibition of enzymatic reactions and amino acid transport (43, 79, 108), 
ultimately leading to cell death. In S. cerevisiae, the ABC transporter PDR12 
is responsible for the extrusion of weak acids (55, 107). Such a system might 
also be operational in P. chrysogenum to limit the toxicity of these weak acids.
Intracellular transport. Because of the compartmentalization of β-lactam 
biosynthesis, important intermediates of the biosynthetic pathway such as 
isopenicillin N need to be transported into the microbody. The microbody 
membrane forms a selective permeability barrier, and molecules such as 
NAD(H), NADP(H), acetyl-CoA, ATP and protons cannot freely diffuse into 
the matrix (104, 146). Until now, only few microbody-localized transporters 
have been described. In S. cerevisiae an adenine nucleotide transporter has 
been described (Ant1p) which is a member of the ADP/ATP Mitochondrial 
Carrier Family. ATP is required for the activation of fatty acids, and the AMP 
produced is subsequently exchanged for ATP from the cytosol by the Ant1p 
transporter (104). For many metabolites, however, no specific transport 
mechanism has been identified. It has been suggested that most metabolites 
enter the microbody through a pore in the membrane (5). Because of its 
polarity, IPN is mostly likely actively transported (45), but the β-lactam 
transporters of the microbody membrane have remained elusive. 
Secretion of β-lactam antibiotics. Secretion of β-lactam antibiotics across 
the plasma membrane of P. chrysogenum is only poorly understood. 
The extracellular level of penicillin G is typically ten-fold higher than 
the intracellular concentration (142), which suggests an active secretion 
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mechanism. Passive diffusion of penicillin G in response to the transmembrane 
pH gradient would result in an at least 10-fold accumulation within the 
cell, and thus very high penicillin levels would be expected inside the cell 
(56). Also the sensitivity of penicillin G secretion to verapamil suggests that 
penicillin G secretion likely is an active process (141). In other β-lactam 
producing organisms, the biosynthetic gene clusters usually comprises a 
gene that specifies a transporter (Fig. 3). For example, the cmcT gene of 
S. clavuligerus and N. lactamdurans encodes a MFS transporter with 14 
membrane segments, which is in S. clavuligerus expressed only under 
cephamycin producing conditions (25, 91). However, direct evidence for an 
involvement of these genes in cephamycin secretion awaits demonstration. 
The A. chrysogenum cefT gene, encodes a member of the MFS transporters, and 
is part of the cephalosporin C biosynthetic gene cluster. Overexpression of this 
transporter in A. chrysogenum resulted in a 2-fold increase in cephalosporin C 
production, while gene inactivation had no effect on antibiotics production. 
This might be due to the presence of another gene which codes for a MFS 
transporter in the gene cluster cefT3 (91, 138).
Figure 3: Topology and domain organization of the ABC-transporter subfamily B, C and G that are 
predicted to be involved in drug resistance. NBD, nucleotide-binding domain; NTE, N-terminal extension; 















The β-lactam biosynthetic gene cluster of P. chrysogenum does not harbor 
any transporter genes (143). In A. nidulans, the inactivation of the atrD gene 
that encodes an ABC transporter resulted in a 2-fold reduction in penicillin 
production (4). AtrD belongs to the class of multidrug (MDR) transporters 
that are capable of secreting a wide range of unrelated, usually hydrophobic 
compounds across the membrane. Due to the chemical characteristics of 
penicillins, MDR transporters are good candidates for β-lactam secretion (34). 
In fungi, there are two main classes of MDR transporters, i.e., ABC and MFS 
transporters. The ABC transporters that are found in every living cell, from 
archaea and bacteria to higher eukaryotes (27), can be divided into 8 major 
subfamilies (A to H). They are involved in the ATP-dependent excretion of 
a broad range of substrates across biological membranes. A typical ABC 
transporter consists of four domains, two nucleotide binding domains 
(NBDs) and two transmembrane domains (TMDs). The NBDs contain some 
conserved motifs that allow an easy identification of ABC transporters. This 
includes the Walker A and Walker B boxes (150), and the ABC signature 
motif located between these two Walker boxes (9). The subfamilies ABC-B, 
ABC-C and ABC-G (Fig. 3) are known to be involved in drug export (77). 
Subfamily B represents a large group of ABC transporters consisting of both 
full and half size transporters, with as member Pgp, a mammalian multidrug 
transporter that is involved in the multidrug resistance of cancer cells (47). 
The ABC-C subfamily consists of full-length transporters, of which some 
are involved in detoxification of toxic compounds. Usually the substrates 
are conjugates of drugs with organic anionic molecules (77). The main 
characteristic of subfamily G is their reverse topology, which means that the 
NBD precedes the TMD. The group includes half and full-size transporters, 
and are known to be involved in pleiotropic drug resistance (PDR). In yeast 
10 PDR transporters are identified, contributing to pleiotropic drug and 
weak acid resistance (10, 77, 107). 
MFS transporters are involved in the symport, antiport or uniport transport 
reactions of a wide range of different substrates (105). There are typically 
single subunit membrane proteins (105). Transport is driven by the chemical 
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gradient of the substrates involved, and by the proton motive force. MFS 
transporters transport a wide range of small substrates, including sugars, 
drugs, metabolites, amino acids, nucleosides, vitamins and both organic and 
inorganic ions, or small peptides (105). In yeast the best described exporters 
are the H+-coupled antiporters that can be divided into 2 subfamilies DHA1 
and DHA2 (118). These are responsible for the extrusion of a wide range of 
toxic compounds (117).
P. chrysogenum contains 830 putative genes that encode transporters. About 
416 are MFS transporters and 51 are ABC transporters (142). Microarray 
studies on early and late production strains indicated that transporters 
are significantly overrepresented in the class of genes that are more highly 
expressed in the high β-lactam yielding strain. This strong overrepresentation 
of transporter genes suggest that MDR-like transporters are responsible for 
penicillin G secretion but also indicates that multiple secretion mechanisms 
might be operationally simultaneously (142). 
Concluding remarks
During the last decade major new insights have been obtained in the 
enzymology of the penicillin biosynthetic pathway of P. chrysogenum and how 
this organism can be used as a platform for the production of related β-lactam 
antibiotics. Critical genomic alterations occurred during the CSI process in 
key processes of β-lactam biosynthesis and this has led to a dramatically 
improved penicillin production in P. chrysogenum. Another factor that 
makes P. chrysogenum an excellent cell factory is the down regulation of the 
expression of genes responsible for other secondary metabolites, saving 
important resources for β-lactam biosynthesis. Compartmentalization 
of penicillin biosynthesis seems to be an advantage for the production of 
β-lactam antibiotics since mutants blocked in the synthesis of microbodies 
show a significant drop in penicillin production levels. Although the sequence 
analysis and the microarray study is a step forward, further insights in the 
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enzyme specificities, critical transport steps and other possible limiting 
factors for the production of antibiotics on a large scale using P. chrysogenum 
will be needed.
Metabolic engineering has enabled the reprogramming of P. chrysogenum 
into a commercial cephalosporin producer. However, there is an increasing 
demand for more sustainable production methods. A challenge for the future 
is to use synthetic biology methods to develop novel production strains for 
the complete biosynthesis of semi-synthetic antibiotics, and enable the use of 
P. chrysogenum or yeast as a generic platform for non-ribosomal peptide and 
polyketide based antibiotics and other bioactive molecules.
Scope of this thesis
The enhancement of the industrial production of β-lactam antibiotics by 
penicillium chrysogenum has been mainly the result of successive cycles of 
classical strain improvement by mutagenesis. In this thesis we aim to gain 
more insight in the results of the classical strain improvement process, in 
particular on the transport processes involved in the production of β-lactam 
antibiotics. Chapter 1 describes the current insights in the genetics and 
enzymology of penicillin production, and discusses metabolic engineering 
approaches aim at developing P. chrysogenum into a host for the production 
of a broad range of peptides are described. 
Chapter 2 provides a detailed description of the method for the construction 
of gene deletion mutants in P. chrysogenum as well as the methods to construct 
fusion proteins with GFP for functional analysis and subcellular localization. 
This chapter also describes protocols for the labeling of cells with organelle-
specific dyes (Hoechst 33342, MitoTracker DeepRed, and FM4-64). These 
methods allows us to get more insight in the specific function of (membrane) 
proteins in P. chrysogenum.
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In chapter 3 we introduced additional copies of the genes coding for 
isopenicillin N acyltransferase (IAT) and phenylacetyl CoA ligase (PCL) 
in a random manner into the genome of P. chrysogenum in order to test the 
hypothesis that β-lactam production in high yielding strains is limited by 
the amount of available IAT. The results show that the overexpression of the 
gene encoding PCL only marginally affected the production of penicillin V. 
However, a balanced overexpression of the gene encoding IAT relative to 
the other genes involved in biosynthesis resulted in a significant increase in 
penicillin V production. When IAT is overproduced massively, the production 
of penicillin V is reduced, and this is accompanied with an increase in the 
levels of the hydrolytic product 6-aminopenicillanic acid.
In chapter 4 we have analyzed all 48 ABC transporters present in P. chrysogenum 
for their expression in the presence and absence of phenylacetic acid (PAA) 
and possible involvement in penicillin production. One transporter (ABC40) 
was found to be dramatically upregulated in the presence of PAA. Deletion of 
ABC40 did not affect β-lactam production by high production strains. More 
detailed analysis showed that the deletion of ABC40 rendered cells more 
sensitive to PAA and several other weak acids. Moreover, ABC40 partially 
restored the growth defect of a S. cerevisiae strain that lacks the weak acid 
transporter PDR12 when exposed to PAA. Therefore, it was concluded that 
ABC40 functions as an ATP-dependent extrusion system for weak acids.
Chapter 5 describes an attempt to identify transporters involved in β-lactam 
production. We performed a transcriptome analysis using shaken flask 
cultures of a high producing P. chrysogenum strain grown in the presence and 
absence of phenoxyacetic acid (POA). We identified in total, 18 transporter 
genes that were upregulated at least 2-fold in the presence of POA. When 
studied in more detail, only 7 of these transporter genes responded sufficiently 
significant for a more in depth analysis. From the candidate genes, 6 could be 





Fungal ABC transporter deletion and localization analysis
Andriy Kovalchuk, Stefan S. Weber, Jeroen G. Nijland, Roel A.L. Bovenberg, 
and Arnold J.M. Driessen
Fungal cells are highly complex as their metabolism is compartmentalized 
harboring various types of subcellular organelles that are bordered by one or 
more membranes. Knowledge about the intracellular localization of transporter 
proteins is often required for the understanding of their biological function. Among 
different approaches available, the localization analysis based on the expression of 
GFP fusions is commonly used as a relatively fast and cost-efficient method that 
allows visualization of proteins of interest in both live and fixed cells. In addition, 
inactivation of transporter genes is an important tool to resolve their specific function. 
Here we provide a detailed protocol for the deletion and localization analysis of 
ABC transporters in the filamentous fungus Penicillium chrysogenum. It includes 
construction of expression plasmids, their transformation into fungal strains, 
cultivation of transformants, microscopy analysis, as well as additional protocols on 
staining of fungal cells with organelle-specific dyes like Hoechst 33342, MitoTracker 
DeepRed, and FM4-64.




Fungal transporter proteins have an amazingly wide range of biological 
functions reaching far beyond the simple nutrient uptake and extrusion of 
toxic compounds. They are involved, among others, in pheromone export 
(81, 92), quorum sensing (58), lipid translocation across the membrane 
(123) and Fe/S cluster protein biogenesis (68, 69, 84). A crucial role in the 
establishment and maintenance  of virulence has been demonstrated for 
a number of transporter proteins of fungal plant pathogens (13, 18, 20, 41, 
48, 126, 127, 130, 139, 148). Early stages of infection and plant penetration 
are often impaired in transporter gene mutants. This effect is commonly 
attributed to the involvement of transporter proteins in the protection 
against host defense factors such as reactive oxygen species. Another aspect 
of transporter biology, namely their role in the resistance of fungi against 
antifungal compounds, traditionally receives a lot of attention owing to 
the enormous impact of pathogenic species on health care and agriculture. 
However, there are still a lot of open questions about the function of 
particular transporters, even in well-characterized fungal species. Many 
of the performed studies investigated the role of transporters under stress 
conditions (i.e. upon addition of antifungal drugs or other toxic compounds), 
yet our knowledge about their cognate substrates and their physiological 
roles is often insufficiently understood. 
ABC transporters are present in virtually every living cell, from archaea and 
bacteria to higher eukaryotes. They can be easily identified by similarity 
searches due to the presence of highly conserved motifs: Walker A and 
Walker B boxes with an ABC signature motif situated between them (9, 
150). Numbers of ABC transporters in fungal genomes can range from 19 
in Schizosaccharomyces pombe to more than 60 in species like Gibberella zeae 
and Aspergillus oryzae (77). Known fungal ABC transporters localize to the 
plasma membrane, vacuolar membrane, or membranes of mitochondria 
and peroxisomes (63). It is not clear whether ABC transporters reside 
within endoplasmic reticulum (ER) membranes of fungal cells, as reported 
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localization of S. pombe Abc1 to ER-like membranes could be due to 
mislocalization as a result of overexpression (61).
Knowing the localization of a certain transporter protein is often essential 
for the understanding of its biological function. One of the commonly used 
approaches to study protein localization is using fusion of proteins of interest 
with fluorescent proteins (GFP, YFP, DsRed and others). This technique is 
extremely popular as fluorescent proteins do not require laborious staining 
protocols, they are suitable for both in vivo imaging and microscopy of fixed 
cells, several fluorescent proteins can be expressed simultaneously within 
a single cell, and the use of fluorescent proteins is time- and cost-effective. 
At the same time, a drawback of this approach that should be taken into 
account is the relatively large size of fluorescent protein that might have 
a negative effect on the recombinant protein stability and/or can cause its 
mislocalization. Another part of understanding the function of a certain 
transporter is deletion of the particular protein. Once a transporter is 
inactivated, detailed analysis in comparison with the progenitor might give 
an indication of the role the particular transporter plays in the cell. 
Here we provide a complete protocol for the construction of knock-outs, 
GFP fusions and their localization analysis which we used to characterize 
ABC transporters of the filamentous fungus Penicillium chrysogenum. At the 
end of the section, protocols for cell labeling with organelle-specific dyes 
(Hoechst 33342, MitoTracker DeepRed, and FM4-64) are provided. These 




1. LB broth: 10 g/l bactotryptone, 5 g/l NaCl, 5 g/l yeast extract.
2. LB kanamycin/ampicillin plates (g/l): bactotryptone 10, NaCl 5, yeast 
extract 5, agar 20, kanamycin or ampicillin 0.05 (added after autoclaving).
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3. YGG medium: mix aseptically using pre-sterilized components: 400 ml 
KCl-glucose, 100 ml 5x buffered YNB, 10 ml fresh 10% yeast extract, 
(optional) 1 ml penicillin/streptomycin solution.
4. KCl-glucose: 10 g/l KCl, 20 g/l glucose.
5. 5x buffered YNB: 33.3 g/l YNB, 7.5 g/l citric acid, 30 g/l K2HPO4.
6. Penicillin/streptomycin solution: lyophilized penicillin-streptomycin 
mixture (Roche) dissolved in 20 ml dH2O.
7. Acetamide medium: 3 g/l NaCl, 10 mg/l FeSO4∙7H2O, 0.5 g/l MgSO4∙7H2O, 
10 g/l glucose, 342 g/l sucrose, 1 ml trace elements solution, 20 g/l agar. 
After autoclaving, add (per 1 liter) 10 ml 10% acetamide (filter-sterilized), 
10 ml 1.5 M CsCl and 10 ml 1M potassium phosphate buffer (pH 6.8).
8. Trace elements solution (add components in the indicated order to 
prevent precipitation): 31.25 g/l EDTA, 43.75 g/l sodium citrate dihydrate, 
24.84 g/l FeSO4∙7H2O, 256.4 g/l MgSO4∙7H2O, 12.5 mg/l H3BO3, 12.5 mg/l 
Na2MoO4∙2H2O, 625 mg/l CuSO4∙5H2O, 2.5 g/l ZnSO4∙7H2O, 625 mg/l 
CoSO4∙7H2O, 3.04 g/l MnSO4∙H2O, 1.6 g/l CaCl2∙2H2O. Adjust pH to 6.5 
with NaOH. Store at -20 °C (long-term) or at 4 °C (for 2-3 months).
9. R-agar: 6 ml/l glycerol, 7.5 ml/l beet molasses,  5 g/l yeast extract, 18 g/l 
NaCl, 50 mg/l MgSO4∙7H2O, 60 mg/l KH2PO4, 250 mg/l CaSO4∙2H2O, 1.6 
ml/l NH4Fe(SO4)2∙12H2O (1 mg/ml), 10 µl/l CuSO4∙5H2O (10 mg/ml), 20 
g/l agar.
PCR amplification of gene of interest
1. Forward and reverse primers designed according to the Gateway 
guidelines.
2. Commercially available PCR master mix (we are routinely using Phire 
Hot Start II PCR Master Mix (Finnzymes) in our lab).
3. Commercially available PCR purification kit (e.g., illustra GFX PCR DNA 
and gel band purification kit (GE Healthcare)).
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BP clonase reactions
1. Gateway BP clonase II enzyme mix (Invitrogen).
2. Gateway pDONR P4-P1R and pDONR P2R-P3 or pDONR221 vector 
(all Invitrogen).  The vectors are amplified in E. coli DB3.1 strain since 
it contains the ccdB gene which is toxic to most commonly used E. coli 
laboratory strains.
3. Proteinase K solution (2 mg/ml) (Invitrogen).
Analysis of recombinant plasmids
1. Solution I: 50 mM glucose, 25 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 
8.0), 10 µg/ml RNaseA.
2. Solution II: 0.2 N NaOH, 1% SDS.
3. Solution III: 60 ml 5 M potassium acetate, 11.5 ml glacial acetic acid, 28.5 
ml dH2O.
LR clonase reactions
1. Gateway destination vector pDEST R4-R3 (Invitrogen) for the construction 
of deletion mutants or modified destination vector pDEST R4-R3-AMDS 
for GFP fusions (Fig. 1). 
Figure 1: Map of the modified Gateway destination vector pDEST R4-R3 AMDS. The vector contains 
the Aspergillus nidulans acetamidase gene amdS for positive selection of fungal transformants on media 
with acetamide as a sole nitrogen source. Features: AmpR, β-lactamase gene for the selection in E. coli; 
ori, pUC origin of replication; attR4 and attR3, Gateway att recombination sites; camR, chloramphenicol 
resistance gene; PpcbC, promoter of P. chrysogenum pcbC gene; amdS, A. nidulans acetamidase gene; AT, 



















































2. Donor vectors pDONR221-AMDS (Fig. 2) for deletion mutants or 
pDONR-gpdA and pDONR-eGFP-AT (Fig. 3) (for the construction of 
C-terminal GFP fusions) or pDONR-gpdA-eGFP and pDONR-AT (Fig. 
4) (for N-terminal GFP fusions).
3. Gateway LR clonase II Plus enzyme mix (Invitrogen).







































































Figure 3: Map of the modified Gateway donor vectors pDONR-gpdA and pDONR-eGFP-AT, which can 
be used for construction of C-terminal GFP fusions for genes of interest. Features of the vectors: KanR, 
kanamycin resistance gene for the selection in E. coli; ori, pUC origin of replication; attP1, attP2r, attP3 and 
attP4, Gateway att recombination sites; gpdA, promoter of A. nidulans gpdA gene; eGFP, gene encoding 
enhanced green fluorescent protein; AT, transcriptional terminator of P. chrysogenum penDE gene.
Figure 2: Map of the modified Gateway destination vector PDONR221-AMDS. The vector contains an 
Aspergillus nidulans acetamidase gene amdS for the positive selection of fungal transformants on media 
with acetamide as a sole nitrogen source. Features: KanR, kanamycin resistance gene for the selection in 
E. coli; pUC origin of replication; attL1 and attL2, Gateway att recombination sites; PpcbC; pcbC promoter 
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Transformation of fungal protoplasts
1. KC: 60 g/l KCl, 2 g/l citric acid, pH 6.2.
2. Lyticase solution: 25 mg/ml lyticase (SigmaAldrich) in KC buffer.
3. SCT: 1.2M sorbitol, 50 mM CaCl2, 10 mM Tris-HCl pH 7.5.
4. KC-SCT: mix of KC and SCT buffer in ratio 1:1.
5. ATA solution: 0.4 M aurintricarboxylic acid, ammonium salt 
(SigmaAldrich) in SCT buffer.
6. 20% PEG-4000: 20% PEG-4000 in SCT buffer.
7. 60% PEG-4000: 60% PEG-4000 in SCT buffer.
P. chrysogenum organelle-specific staining
1. FM4-64 stock solution: 1 mg/ml FM4-64 (Invitrogen) in dH2O.
2. Mitotracker Deep Red stock solution: 1 mM Mitotracker Deep Red FM 
(Invitrogen) in DMSO.
3. 37% formaldehyde solution.
4. PBS: 8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2HPO4, 0.24 g/l KH2PO4, pH 7.4.





































































Figure 4: Map of the modified Gateway donor vectors pDONR-gpdA-eGFP and pDONR-AT, 
which can be used for construction of N-terminal GFP fusions for genes of interest. Features 
of the vectors: KanR, kanamycin resistance gene for the selection in E. coli; ori, pUC origin 
of replication; attP1, attP2r, attP3 and attP4, Gateway att recombination sites; gpdA, promoter 
of A. nidulans gpdA gene; eGFP, gene encoding enhanced green fluorescent protein; AT, 




Gene knock-outs are performed in a P. chrysogenum Δku70 strain (124). This 
strain is impaired in non-homologues end-joining, which usually results in 
a targeting efficiency of >50%. It is possible to use these protocols for strains 
without this deletion, but the targeting efficiency will decrease to 0.1 to 0.5%.
During the transformation process the genome of multi-penicillin cluster-
containing P. chrysogenum is relatively unstable and side effects might occur 
(100). To avoid problems, it is recommended to construct and analyze 
multiple transformed strains. 
Design of Gateway primers for deletion cassettes (See note 1)
1. For the construction of inactivation mutants, at least 1000 bp of both 
flanking regions of the gene of interest should be amplified (See note 2). 
Therefore, 2 sets of primers should be constructed. 
2. The forward primer of the first set should include the attB4 site and the 
reverse primer should contain the attB1 sequence.  First set forward: 
5’-GGGGACAACTTTGTATAGAAAAGTTG-(template specific sequen-
ce)-3’ and reverse: 5’-GGGGACTGCTTTTTTGTACAAACTTG-(template 
specific sequence)-3’. 
3. The forward primer of the second set should include the attB2 site and 
the reverse primer should include attB3 sequence.  First set forward: 
5’-GGGGACAGCTTTCTTGTACAAAGTGG-(template specific 
sequence)-3’ and reverse: 5’-GGGGACAACTTTGTATAATAAAGTTG-
(template specific sequence)-3’.
4. The template specific sequence of the primers should be 18 to 25 
nucleotides long.
PCR amplification of region of interest
1. PCRs are performed in total volume of 50 µl. When using commercially 
available PCR master mixes, combine in a PCR tube: 20 µl PCR-grade 
water, 25 µl of PCR master mix, 2 µl forward primer (10 µM), 2 µl reverse 
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primer (10 µM) and 1 µl of fungal genomic DNA (20-50 ng).
2. Amplification with Phire Hot Start II PCR Master Mix (Finnzymes) is 
performed under following conditions: initial denaturation at 98 °C for 
1 min, 30 cycles of 15 sec at 98 °C, 5 sec at 55-60 °C and 20 sec per 1 kb of 
the template at 72 °C, followed by the final extension of 1 min at 72 °C 
(see Note 3).
3. Load 2 µl of PCR reaction on 0.8% agarose gel to confirm the amplification 
of the product of interest.
4. Purify the amplification products with commercially available PCR 
purification kits. Elute the PCR products with 30 µl of PCR-grade water 
(see Note 4).
BP clonase reaction with pDONR P4-P1R and pDONR P2R-P3
1. Inactivation cassettes consist of 3 parts: 2 flanking regions and an amdS 
gene for the selection using acetamide.  In this step we create 2 different 
plasmids both containing one of the flanking regions.
2. Add to a 1.5 ml microcentrifuge tube 0.5 µl of pDONR P4-P1R vector 
(30-40 ng), and to another 1.5 ml microcentrifuge tube 0.5 µl of pDONR 
P2R-P3 vector (30-40 ng). Add to both tubes 1-4 µl of the desired PCR 
product (50-150 ng) and PCR-grade water to 4.5 µl (see Note 5).
3. Add 0.5 µl of BP clonase II enzyme mix, gently mix the reaction by 
pipetting and spin down briefly.
4. Incubate at 25 °C for 1-3 h (see Note 6).
5. Inactivate the BP clonase by incubation with 1 µl of proteinase K at 37 °C.
6. Use the BP reaction to transform competent E. coli DH5α cells.
Analysis of recombinant plasmids (see Note 7)
1. For the analysis, select 12 to 24 colonies appearing after transformation 
of E. coli DH5α with the BP reaction and grow them overnight in 2 ml of 
LB broth with kanamycin.




3. Resuspend them in 100 µl of Solution I.
4. Add 200 µl of Solution II and gently mix by inverting the tube.
5. Add 150 µl of Solution III and mix gently.
6. Centrifuge the tubes at 13,000 rpm for 10 min in a microcentrifuge.
7. Transfer the supernatant into fresh 1.5 ml tube.
8. Add 600 µl of isopropanol.
9. Spin down the tubes at 13.000 rpm for 10 min in a microcentrifuge.
10. Wash the DNA pellet once with 200 µl of 70% ethanol.
11. Dissolve DNA in 40 µl of PCR-grade water.
12. Use 1-1.5 µl of plasmid DNA for the digestion with appropriate enzyme.
13. Perform the digestion at 37 °C for 1 h.
14. Mix the digestion reaction with 3 µl of loading buffer and load it on 0.8% 
agarose gel.
15. Select the clones carrying the right insert for further experiments.
LR clonase reaction with the destination vector pDEST R4-R3
1. Mix in a 1.5 ml microcentrifuge tube 60 ng of each of the plasmids 
pDEST R4-R3, pDONR P4-P1R carrying the flanking region of interest, 
pDONR221-AMDS and pDONR P2R-P3 carrying the flanking region of 
interest (see Note 7). Add PCR-grade water to 4.5 µl if necessary.
2. Add 0.5 µl of LR clonase II Plus, mix gently by pipeting and spin down 
briefly.
3. Incubate at 25 °C for 1-3 h or overnight (see Note 6).
4. Inactivate LR clonase by adding 1 µl of proteinase K and incubating at 
37 °C for 15 min.
5. Use the whole LR reaction to transform chemically competent E. coli 
DH5α cells.
6. Plate the cells on LB plates with ampicillin.
 Analysis of recombinant clones
1. Select 12-24 clones appearing after the transformation of E. coli DH5α 
with LR reaction and analyze them as described on page 35-36.
37
Fungal ABC transporter deletion and localization analysis
2. Amplify clones carrying correct constructs and scale-up the isolation 
protocol to generate at least 4-5 µg of plasmid DNA.
3. At this point the plasmid for the construction of a knock-out is ready. 
Continue from here with the preparation for fungal transformation on 
page 39.
Gateway primers for generation of GFP fusions (See note 1)
1. Primers are designed to amplify the complete gene of interest. Forward 
primer should include the attB1 sequence (underlined below), and it is 
recommended to include Kozak sequence if you want to express your 
protein as C-terminal GFP fusion (see Note 8). If you wish to fuse your 
PCR product in frame with N-terminal tag, the primer must include two 
additional nucleotides to maintain the proper reading frame (shown as 
N). These two additional nucleotides cannot be AA, AG, or GA because 
these combinations will create a stop codon. The forward primer: 
5’-GGGGACAAGTTTGTACAAAAAA-GCAGGCTNN-(template 
specific sequence)-3’.
2. Reverse primer should include the attB2 sequence (underlined below). 
Additionally, a stop codon should be added if the protein of interest 
will be expressed as N-terminal GFP fusion. Important, no stop 
codon should be placed between the gene of interest and the GFP 
gene. In the last case, an additional nucleotide (shown as N) should 
be added to maintain the proper reading frame. The reverse primer. 
5’-GGGGACCACTTTGTACAAGAA-AGCTGGGTN-(template specific 
sequence)-3’.
3. Template-specific sequence in primers should be 18 to 25 nucleotides 
long.
4. For the amplification of the gene of interest, please refer to page 34-35.
BP clonase reaction with the donor vector pDONR221
1. Mix in a 1.5 ml microcentrifuge tube 0.5 µl of pDONR221 vector (30-40 




2. Add 0.5 µl of BP clonase II enzyme mix, gently mix the reaction by 
pipetting and spin down briefly.
3. Incubate at 25 °C for 1-3 h (see Note 6).
4. Inactivate the BP clonase by incubation with 1 µl of proteinase K at 37 °C.
5. Use the BP reaction to transform competent E. coli DH5α cells.
6. Plate the cells on LB plates with kanamycin.
7. The analysis of recombinant clones can be done the same way as described 
on page 35-36.
LR clonase reaction with the destination vector pDEST R4-R3-AMDS
1. Mix in a 1.5 ml microcentrifuge tube 60 ng of each of the plasmids pDEST 
R4 R3-AMDS, pDONR-gpdA, pDONR-GFP-AT and pDONR221 carrying 
the gene of interest in case you want to create C-terminal GFP fusion or 
pDEST R4-R3-AMDS, pDONR-gpdA-GFP, pDONR-AT and pDONR221 
carrying the gene of interest if you want to make N-terminal fusion (see 
Note 9). Add PCR-grade water to 4.5 µl if necessary.
2. Add 0.5 µl of LR clonase II Plus, mix gently by pipetting and spin down 
briefly.
3. Incubate at 25 °C for 1-3 h or overnight (see Note 6).
4. Analysis of these strains can be done as described on page 36-37.
Preparation of plasmid DNA for fungal transformation
1. Mix in 1.5 ml microcentrifuge tube 5 µg of plasmid DNA (approximately 
40 µl of plasmid sample), 5 µl of appropriate buffer and PCR-grade water 
to 47 µl (see Note 10).
2. Add 3 µl of appropriate enzyme, vortex the mix and spin it down briefly. 
Incubate at 37 °C for 2-4 h or overnight.
3. Purify the DNA by one of the commercially available DNA purification 
kits. Elute it with or dissolve it in ≤30 µl of PCR-grade water.
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Transformation of fungal protoplasts.
1. Inoculate P. chrysogenum conidia immobilized on rice (as described in 
section 3.12) in 25 ml of YGG medium and incubate with shaking (200 
rpm) at 25 °C for 24 h.
2. Transfer 10 ml of culture into 90 ml of fresh YGG medium. Grow 
overnight at 25 °C.
3. Collect the mycelium by centrifugation at 4.000 x g for 5 min.
4. Wash the pellet once with 50 ml of KC solution.
5. Gently resuspend the pellet in 1.5 volumes (relative to the volume of the 
pellet) of KC solution.
6. Add 1 ml of lyticase solution to every 9 ml of mycelium suspension.
7. Incubate with slow shaking at 25 °C for 1-2 h. Follow the protoplast 
formation under the microscope.
8. Add KC solution to 50 ml and spin down at 4.000 x g for 5 min.
9. Wash the protoplasts once with 50 ml KC-SCT solution.
10. Wash the protoplasts once with 50 ml SCT buffer.
11. Resuspend the protoplasts in SCT buffer to the final concentration of 
approximately 1∙108 protoplasts/ml (usually, we add 2-4 ml of SCT).
12. Mix in a 1.5 ml microcentrifuge tube 200 µl of protoplast suspension with 
15 µl ATA solution and add approximately 5 µg of linearized plasmid 
DNA in a volume not exceeding 30 µl.
13. Add 100 µl 20% PEG-4000 solution and incubate on ice for 30 min.
14. Add 1.5 ml 60% PEG-4000 solution and incubate at 25 °C for 15 min 
without agitation.
15. Add 5 ml SCT buffer and spin down at 500 x g for 5 min.
16. Gently resuspend the pellet in 800 µl of SCT buffer and distribute the 
suspension over 5-6 selective plates with acetamide medium.




Selection and maintenance of fungal transformants (see Note 11)
1. Transfer colonies that appear after protoplast transformation to fresh 
acetamide plates and incubate them at 25 °C for 4-5 days.
2. Discard clones that failed to grow on acetamide. Transfer several putative 
transformants to R-agar plates and incubate them at 25 °C for 5-6 days 
before they start to produce conidia.
3. Streak a small amount of conidia on selective acetamide plate to obtain 
single colonies. Incubate the plates containing single-spore derived 
colonies at 25 °C for 4-5 days.
4. Select a few colonies to be transferred to R-agar plates. Try to break a 
colony with a sterile tooth-pick in a number of small pieces (25 to 30), 
and transfer all of them to a single plate. Incubate the plates at 25 °C for 
3-4 days to the stage when the conidia just start to appear.
5. Resuspend all colonies growing on the plate in 5-6 ml of sterile tap water 
and transfer the suspension to a batch of autoclaved rice grains (25 ml). 
Incubate the rice with occasional shaking at 25 °C for 8-10 days until it 
becomes greenish. Freeze-dry the rice. Conidia immobilized on rice in 
this way can be stored at room temperature for several months.
6. Correct integration of a construct can be determined via Southern 
analysis (119). 
Microscopy analysis of transformants expressing GFP-fusions
1. Inoculate several rice grains with immobilized conidia in 10 ml YGG and 
incubate them overnight at 25 °C with agitation (200 rpm) (see Note 12).
2. The next day, dilute the culture 10-fold with fresh YGG to the final 
volume of 15 ml.
3. Grow at 25 °C with agitation for 16-18 h (see Note 13).
4. Directly analyze the sample under fluorescent microscope using 
appropriate filter set (Fig. 5).
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Staining of P. chrysogenum vacuolar membranes with FM4-64 dye
1. Take 0.5 ml of P. chrysogenum culture grown in YGG for 16 – 36 h.
2. Briefly spin down the mycelium (10,000 rpm, 30 sec) in a micro-
centrifuge, resuspend in fresh YGG medium containing 2 µg/ml 
FM4-64 and incubate at 25 °C for 30 min.
3. Briefly spin down the mycelium (10,000 rpm, 30 sec) in a 
microcentrifuge and wash it once with fresh YGG.
4. Resuspend the mycelium in 1 ml of fresh YGG and incubate it at 25 
°C for 90 min.
5. Analyze the sample under fluorescent microscope using an 
appropriate filter set. FM4-64 accumulates in vacuolar membranes, 
which typically can be seen as red-colored ring-like structures (Fig. 
6). The accumulation occurs via endocytosis, so the staining can only 
be performed on live material. If the internalization of the dye was 
not complete, some residual staining can be observed in plasma 
membrane. In this case, the incubation time at step 4 should be 
increased.
Figure 5: Examples of intracellular localization of ABC transporters in P. chrysogenum. The two transporters 
shown localize to plasma membrane (left) and vacuolar membrane (right).
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Staining of P. chrysogenum mitochondria with Mitotracker Deep Red dye
1. Take 0.5 ml of P. chrysogenum culture grown in YGG for 16-36 h.
2. Add Mitotracker Deep Red to the final concentration of 100 nM, mix the 
suspension gently and incubate the mycelium at 25 °C for 15-30 min.
3. Briefly spin down the mycelium (10,000 rpm, 30 sec) in a microcentrifuge 
and wash once with fresh YGG.
4. Resuspend mycelium in 1 ml of fresh YGG and analyze sample under 
fluorescent microscope using appropriate filter set. Mitochondria appear 
as numerous small red dots, sometimes forming kind of reticulum (Fig. 
6).
Staining of P. chrysogenum nuclei with Hoechst 33342 dye
1. Take 0.5 ml of P. chrysogenum culture grown in YGG for 16 – 36 h.
2. Briefly spin down mycelium (10,000 rpm, 1min) in a microcentrifuge and 
fix in 1 ml of 2% formaldehyde in PBS (see Note 14).
3. Add Hoechst 33342 to the final concentration of 1 µg/ml and incubate the 
mycelium at room temperature for 15 min.
4. Wash the mycelium twice with PBS.
5. Analyze the sample under fluorescent microscope using appropriate 
filter set. Nuclei can be seen as large blue-colored round structures, more 
or less evenly distributed throughout the mycelium (Fig. 6).
Figure 6: Examples of staining of P. chrysogenum cells with fluorescent organelle-specific dyes. From left 
to right: FM4-64 (vacuolar membrane staining), Mitotracker Deep Red (mitochondria-specific dye) and 
Hoechst 33342 (nuclear staining).
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Notes
1. In our knock-out and localization analysis of ABC transporters of 
Penicillium chrysogenum, we made use of Gateway cloning system 
(Invitrogen) (149). It allows us to prepare a large number of constructs 
in a straightforward and time-efficient manner, so that it is especially 
recommended for large-scale projects.
2. The flanking regions should include (preferably endogenous) restriction 
sites to be able to create a linear inactivation cassette from the final plasmid. 
If natural restriction sites cannot be used, then suitable restriction sites 
should be included in the primer between the att sites and the actual 
primer sequence.
3. We included here an amplification protocol for the Phire Hot Start II PCR 
Master Mix (Finnzymes) routinely used in our lab. If you prefer other 
commercially available PCR enzymes, please refer to the manufacturer’s 
recommendations.
4. It is important to purify PCR products prior to BP reaction as primers 
containing att sites can recombine with pDONR221 vector resulting 
in high background of colonies carrying plasmids without the correct 
insert.
5. High concentrations of DNA in BP reaction can inhibit BP recombinase.
6. Performing the BP and LR reactions overnight can increase number of 
colonies after transformations by several folds.
7. Alternatively, commercially available plasmid isolation kits can be used 
at this step.
8. It is recommended to construct and express both N-terminal and 
C-terminal GFP fusions of the transporters of interest, as certain 
combinations might be unstable and prone to mislocalization.




10. To increase the efficiency of fungal transformation, plasmid DNA has 
to be linearized prior to the transformation. The choice of the enzyme 
largely depends on the sequence of the gene of interest, but two of 
the options that can be considered are DraI and AatII. Relatively large 
amounts of DNA are required for the fungal transformation, in our lab 
we are generally using 4-5 µg of DNA per transformation.
11. As fungal protoplasts often carry more than one nucleus, it is necessary 
to perform additional round of selection to obtain isogenic clones.
12. P. chrysogenum transformants often differ significantly in the expression 
level of GFP-fused proteins. This difference is likely caused by the 
integration of expression cassette into different loci in the fungal genome. 
Thus, it is recommended to check several (up to 10) independent clones 
to find the one with the optimal expression level.
13. We repeatedly noticed that young cultures of P. chrysogenum give better 
results in localization analysis than older ones. Green fluorescent signal 
is often accumulated within vacuoles in cells grown for more than 24 
hours, indicating partial degradation of GFP fusions.
14. While some published protocols describe the use of live yeast and fungal 
cells for Hoechst 33342 staining, we could obtain satisfactory results only 
with cells fixed with formaldehyde.
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Balanced overexpression of isopenicillin N acyltransferase 
leads to increased penicillin production in Penicillium
 chrysogenum production strains
Stefan S. Weber, Fabiola Polli, Rémon Boer, Roel A.L. Bovenberg and 
Arnold J.M. Driessen
Intense classical strain improvement has yielded industrial Penicillium chrysogenum 
strains that produce high titers of penicillin. These strains contain multiple copies 
of the penicillin biosynthesis cluster encoding the three key enzymes: δ-(L-α-
aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS), Isopenicillin N synthase 
(IPNS) and isopenicillin N acyltransferase (IAT). The phenylacetic acid CoA ligase 
(PCL) gene encoding the enzyme responsible for the activation of the side chain 
precursor phenylacetic acid is localized elsewhere in the genome in a single copy. 
Since the protein level of IAT already saturates at low cluster copy numbers, IAT 
might catalyze a limiting step in high yielding strains. Here, we show that penicillin 
production in high yielding strains can be further improved by the overexpression 
of IAT while at very high levels of IAT the precursor 6-aminopenicillic acid (6-
APA) accumulates. Overproduction of PCL only marginally stimulates penicillin 
production. These data demonstrate that in high yielding strains IAT is the limiting 
factor and that this limitation can be alleviated by a balanced overproduction of this 
enzyme. 




Since the discovery of penicillin by Alexander Fleming (42), classical strain 
improvement has been the main method to improve penicillin production. 
One of the most important phenomena in high yielding Penicillium 
chrysogenum strains is the amplification of the penicillin biosynthetic 
gene cluster between tandem repeats (39, 99, 122). Other changes are the 
upregulation of genes involved in side chain activation, α-aminoadipic acid, 
valine and cysteine biosynthesis (142). The penicillin biosynthesis cluster 
in P. chrysogenum consists of three genes pcbAB, pcbC and penDE (Fig. 1A) 
encoding the enzymes that catalyze the key biosynthetic conversions for 
penicillin production (49).   
Figure 1: (A) Penicillin biosynthesis cluster, pcbAB coding for ACVS, pcbC coding for IPNS and penDE 
coding for IAT. (B) Schematic representation of the penicillin biosynthetic pathway, the name of the 
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Penicillin biosynthesis (Fig. 1B) starts with the condensation of three amino 
acids; L-α-aminoadipic acid, L-cysteine and L-valine into the tripeptide δ-(L-
α-aminoadipyl)-L-cysteinyl-D-valine (LLD-ACV). This step is catalyzed by 
the non-ribosomal peptide synthetase δ-(L-α-aminoadipyl)-L-cysteinyl-D-
valine synthetase (ACVS) encoded by pcbAB (1, 70-72). Next, the β-lactam 
ring is formed by isopenicillin N synthase (IPNS) encoded by the pcbC gene 
(24, 72). After isopenicillin N enters the microbody, the L-α-aminoadipic 
acid side chain is replaced for an activated phenyl- or phenoxyacetyl group 
yielding penicillin G or V, respectively. This conversion is catalyzed by acyl-
coenzyme A: isopenicillin N acyltransferase (IAT), encoded by penDE (14, 
88, 135, 153). IAT is only capable of substituting L-α-aminoadipic acid with 
phenylacetic acid (PAA) or phenoxyacetic acid (POA) when these precursors 
are activated to their CoA thioesters. One of the main enzymes capable of 
carrying out this reaction is phenylacetic acid CoA ligase (PCL) (73, 82). The 
phl (Pc22g14900) gene is not part of the penicillin biosynthetic gene cluster 
(for review see reference (152)), but the PCL protein also localizes to the 
microbody lumen that contains the IAT enzyme. 
Recently a “reverse engineering” study of the amplification of the penicillin 
biosynthetic gene cluster was carried out using a series of isogenic strains 
derived from a former industrial production strain P. chrysogenum DS17690. 
These isogenic strains only differed in the number of biosynthetic gene 
clusters, and showed transcription levels of the biosynthetic genes that 
increased almost linearly with the gene cluster copy number while saturating 
only at very high copy numbers. Also, the protein levels of ACVS and IPNS 
correlated well with the transcript levels. On the other hand, the IAT protein 
levels only increased 2-fold when transcript levels increased within a range of 
8-fold. This remarkable lack of correlation between the protein and transcript 
levels of the IAT enzyme suggested that amount of active IAT is limiting in 
high yielding strains. This was further evidenced by the accumulation of 
isopenicillin N in strains harboring high copy numbers (100). Alternatively, 
side chain activation could be a limiting factor in these high yielding 
strains but under those circumstances the intracellular accumulation of 
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6-aminopenicillanic acid (6-APA) is expected rather than the formation of 
isopenicillin N because of the hydrolase properties of the IAT enzyme. Here 
we have investigated the effect of the overproduction of IAT (penDE) and 
PCL (phl) in P. chrysogenum strains equipped with different copy numbers of 
the biosynthetic gene cluster. The data demonstrates that the level of IAT is 
limiting in high yielding strains and that increased levels of penicillin can be 
obtained upon the balanced overproduction of the penDE gene. 
Material and Methods
Fungal strains, media and culture conditions. Penicillium chrysogenum 
DS17690, and its derivates were kindly provided by DSM, The Netherlands. 
Spores immobilized on rice were inoculated in YGG medium containing (in 
g/liter): KCl, 10.0; glucose, 20.0; yeast nitrogen base (YNB), 6.66; citric acid, 1.5; 
K2HPO4, 6.0; and yeast extract, 2.0. After inoculation, cultures were incubated 
for 24h in a rotary incubator at 200 rpm at 25 °C. On day 0, the mycelium was 
diluted 7 times in penicillin production medium containing the following 
(in g/liter): glucose, 5.0; lactose, 75; urea, 4.0; Na2SO4, 4.0; CH3COONH4, 5.0; 
K2HPO4, 2.12; KH2PO4, 5.1; and phenoxyacetic acid, 2.5. After dilution, the 
mycelium was supplemented with a trace element solution (pH 6.3) and 
grown for 7 days in a rotary incubator at 200 rpm at 25 °C.  
Transformation to P. chrysogenum. Transformation was performed according 
to (78). Primers for the amplification of the genes of interest penDE and phl 
can be found in table 1. Protoplasts were prepared and transformation was 











Table 1: Oligonucleotides used for amplification of penDE or phl
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performed using a linearized fragment of pSW070, pSW071 or pSW072 
containing the gene penDE, penDE-SKL, or phl isolated from genomic DNA, 
or a linearized fragment from pSW073 containing penDE isolated from 
cDNA, all under the control of the highly expressed pcbC promoter. The cells 
were co-transformed with pBlue-AMDS, containing the acetamidase gene 
(amdS), which was used as selection marker on plates with acetamide as the 
sole nitrogen source. 
gDNA extraction. Genomic DNA (gDNA) was isolated after 48h of growth 
in YGG medium using a modified yeast genomic DNA isolation protocol 
(52) in which the fungal mycelium is broken in a FastPrep FP120 system 
(Qbiogene) (119). 
 
Total RNA extraction, and cDNA amplification. Total RNA samples were 
taken after 5 days of growth in penicillin production medium. Total RNA was 
isolated using Trizol (Invitrogen), with additional DNase treatment by the 
Turbo DNA-free kit (Ambion). Total RNA was measured with a NanoDrop 
ND-1000 and set at a concentration of 500 ng per cDNA reaction. cDNA was 
synthesized using the iScript cDNA synthesis kit (Bio-Rad) in a final volume 
of 10 µl.
qPCR expression analysis and gene copy number determination. The 
primers for analysis of penDE, phl and γ-actin (Pc20g11630), can be found 
in table 2. A negative reverse transcriptase (RT) control reaction was used 
to exclude gDNA contamination in isolated total RNA. Copy number using 
gDNA and the expression levels using cDNA were analyzed, in duplicate, 













Table 2:  Oligonucleotides used during qRT-PCR analysis
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with a MiniOpticon system (Bio-Rad). The SensiMix SYBR mix (Bioline) 
was used as a master mix for qPCR with 0.4 µM primers. The following 
thermocycler conditions were used: 95 °C for 10 min, followed by 40 cycles 
of 95 °C for 15s, 60 °C for 30s, and 72 °C for 30s. 
Determination of metabolite concentrations. The extracellular concentration 
of phenylacetic acid and penicillin V in the culture medium were determined 
using high-pressure liquid chromatography (HPLC) analysis, using an 
isocratic flow of acetonitrile at 245 g/liter, KH2PO4 at 640 mg/liter, and 
H3PO4 at 340 mg/liter. Peaks were separated on a Shim-pack XR-ODS 2.2 
(Shimadzu) at a flow rate of 0.5 ml/min and detected at a wavelength of 
254 nm. Production levels were corrected for small growth differences by 
dry weight determination. Determination of 6-APA was performed using an 
orbitrap mass spectrometer (Thermo Fisher Scientific Exactivetm). Samples 
were separated on a Shim-pack XR-ODS 2.2 (Shimadzu) column using an 
isocratic flow of 0.3 ml/min of acetonitrile at 7.86 g/l, and formic acid at 6.1 
g/l. Molecular masses were identified with the electronspray in negative 
mode. Quantification of masses was performed using the Excalibur (Thermo 
Fisher Scientific) software. 
Western blot analysis. Cell extracts of P. chrysogenum were isolated after 5 
days of growth. An aliquot of 1 ml of the culture was mixed with 1 ml 25% 
trichloroacetic acid (TCA) and frozen at -20 °C. After defrosting on ice, cells 
were pelleted by centrifugation (10,000 × g for 10 min) and washed twice 
using cold (-20 °C) 80% acetone. The pellet was air dried and solubilized in 
200 µl solubilization buffer containing 1% sodium dodecyl sulfate (SDS) and 
0.1 M NaOH, followed by the addition of 50 µl 5× SDS-polyacrylamide gel 
electrophoresis (PAGE) loading buffer. Samples were boiled for 5 min. and 
centrifuged for 10 min at 10,000 × g. The supernatants were used for SDS-
PAGE analysis. Western blots were stained with polyclonal antibodies raised 
against IAT.
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Results
PenDE or phl gene copy number and overexpression analysis. In a previous 
study we have shown that the protein levels of the key enzyme acyl-coenzyme 
A: isopenicillin N acyltransferase (IAT) does not correlate with the transcript 
levels of the penDE gene. An 8-fold increase in penicillin biosynthesis gene 
cluster number resulted in a corresponding increase in transcript levels of 
all genes located on the cluster. While the protein levels of ACVS and IPNS 
increased accordingly (4-5 fold), the IAT protein level increased only 2 fold 
and saturated already at low gene copy numbers. This suggested that IAT 
might be the limiting factor in penicillin V production by high yielding 
strains (100). To examine this phenomenon, a targeted overexpression of 
the penDE gene was initiated using the P. chrysogenum strains DS47274 (1 
cluster copy), DS47273 (3 clusters) and DS17690 (7-8 clusters) (53). For this 
purpose, additional copies of the native penDE gene, as well as a mutant 
penDE gene encoding an IAT with an improved peroxisomal targeting signal 
(C-terminal protein sequence SKL instead of ARL) (66), or a penDE gene 
without introns were introduced into these strains in a random manner, via 
the non homologous end joining pathway (NHEJ). Next, the penDE gene 
copy number was determined using isolated genomic DNA and quantitative 
Real Time PCR using specific primers for penDE gene based on the genome 
sequence of P. chrysogenum Wisconsin54-1255 (142). The γ-actin gene was 
used as a reference. In the selected strains, the copy numbers of penDE 
including the number of copies already present were elevated from 2 up to 
30 copies depending on the host strain used (Fig. 2A). In the remainder of the 
manuscript, the strains are designated as DSyyyyypenDEX, with yyyyy as the 
original DS strain designation and X the number of copies of the penDE gene 
including the copies localized in the biosynthetic gene cluster.
For the determination of the transcript levels of penDE, total RNA was isolated 
and the abovementioned primers for penDE and γ-actin were used for qRT-
PCR analysis. The transcript levels of penDE in all isogenic host strains 
increased 400 – 1000 fold when more than 15 additional copies of penDE 
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were introduced, while at lower numbers of additional copies penDE gene, 
transcription was only moderately elevated (Fig. 2A). Overall, the transcript 
level increased non-linear with the number of penDE copies to very high levels 
of overexpression. In addition, extra copies of the phl (encoding for PCL) 
gene were introduced into the 3 different host strains (DS47274, DS47273 
and DS17690) using the NHEJ pathway. In all of these strains, the phl gene 
is present as a single copy, but this could be increased up to 16 following 
the transformation (Fig. 2B). These strains were designated as DSyyyyyphlX, 
with yyyyy as the original DS strain and X the number of copies of the phl 
gene including the endogenously present copy. The transcript levels of phl 
increased almost linearly up from a 3 (DS47274phl2) to 40-fold (DS47274phl17) 
increase (Fig. 2B).
Penicillin V production by penDE or phl overproducing strains. To analyze 
whether the additional copies of the penDE gene influence the penicillin 
V production, the medium broth was analyzed after 5 and 7 (not shown) 
Figure 2: (A) Transcript level of penDE in 
transformed strains as a function of the copy 
number of the penDE gene closed circles 
correspond to strains DS47274 (1 cluster), 
DS47274penDE2, DS47274penDE4 and DS47274penDE15-16. 
Open circles show strains DS47273 (3 clusters), 
DS47273penDE4, DS47273penDE5 and DS47273penDE24. 
and closed triangles display DS17690 (7-8 clusters), 
DS17690penDE10, DS17690penDE10-11 and DS17690penDE30. 
(B) Transcript level of phl in transformed strains 
as a function of the copy number of the phl gene 
Closed circles correspond to strains DS47274 (1 
cluster), DS47274phl2 and DS47274phl17. Open circles 
to strains DS47273, DS47273phl2 and DS47273phl7, 
and closed triangles correspond to DS17690 (7-8 
clusters), DS17690phl2 and DS17690phl9. Results show 
that in all background strains the transcript levels 
of phl increase almost linearly when additional 
copies of phl are introduced.
penDE copy number
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days of growth for penicillin V. In the DS47273 (3 clusters) and DS17690 
(7-8 clusters) background strains, introduction of 1 or 2 additional copies 
(strains DS47273penDE4, DS47273penDE5, DS17690penDE10 and DS17690penDE10-11) 
of penDE results in a significant increase up to 160 – 200 % in penicillin V 
production. However, with the introduction of more than 20 additional 
copies (DS47273penDE24 and DS17690penDE30) this increase in penicillin V 
production levels dropped dramatically. When the DS47274 strain (1 cluster) 
was used as host, addition of a few (DS47274penDE2 and DS47274penDE4) or 
many (DS47274penDE15-16) copies of penDE gene hardly affected the penicillin 
V production (Fig. 3A). This observation is consistent with the notion that 
in those low copy number strains, penicillin production is limited by the 
presence of only a single copy of the biosynthetic gene cluster. 
The same analysis was performed on the strains that contained additional 
copies of phl gene using the DS47273 (3 clusters) and DS17690 (7-8 clusters) 
strains as a host. A slight increase in penicillin V production was noted 
only when multiple copies of the phl gene were introduced (DS47273phl7 and 
Figure 3: (A) Penicillin V production by strains 
with an increased copy number of penDE. Closed 
circles correspond to strains DS47274 (1 cluster), 
DS47274penDE2, DS47274penDE4 and DS47274penDE15-16. 
Open circles show strains DS47273 (3 clusters), 
DS47273penDE4, DS47273penDE5 and DS47273penDE24. 
and closed triangles display DS17690 (7-8 clusters), 
DS17690penDE10, DS17690penDE10-11 and DS17690penDE30. 
(B) Penicillin V production by strains with an 
increased copy number of the phl gene. Closed 
circles correspond to strains DS47274 (1 cluster), 
DS47274phl2 and DS47274phl17. Open circles to strains 
DS47273 (3 clusters), DS47273phl2 and DS47273phl7, 
and closed triangles correspond to DS17690 (7-8 
clusters), DS17690phl2 and DS17690phl9.
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DS17690phl9) (Fig. 3B), but in comparison to the penDE gene results, the overall 
effects are relatively marginal. The data demonstrate that the phl encoded 
CoA ligase is not limiting for penicillin V production.
IAT protein levels in high yielding P. chrysogenum strains. The IAT protein 
levels in the penDE overexpressing strains (5 days of growth) were analyzed 
by immunoblotting using IAT specific polyclonal antibody. Cells were lysed, 
proteins were collected using trichloroacetic acid (TCA) precipitation, and 
analyzed by SDS-PAGE and western blotting. With all host strains (DS47274, 
DS47273 and DS17690), there was an almost linear increase in the IAT protein 
level at the lower number of penDE copies (1-3), but levels saturated at the 
very high copy numbers (15-30) (Fig. 4). 
Figure 4: IAT protein levels in strains containing 
additional copies of penDE. (A) Protein levels of 
IAT determined by western blot analysis, lane 
(1) DS47274 (1 cluster), (2) DS47274penDE2, (3) 
DS47274penDE15-16, (4) DS47274penDE4 (5) DS47273 
(3 clusters), (6) DS47273penDE24, (7) DS47273penDE4, 
(8) DS47273penDE5 (9) DS17690 (7-8 clusters), 
(10) DS17690penDE30, (11) DS17690penDE10 and (12) 
DS17690penDE10-11. (B) Quantitation of the IAT levels as 
a function of the penDE gene copy number. Closed 
circles correspond to strains DS47274 (1 cluster), 
DS47274penDE2, DS47274penDE4 and DS47274penDE15-16. 
Open circles show strains DS47273 (3 clusters), 
DS47273penDE4, DS47273penDE5 and DS47273penDE24. and 
closed triangles display DS17690 (7-8 clusters), 
DS17690penDE10, DS17690penDE10-11 and DS17690penDE30.
Figure 5: Penicillin V production in the presence 
and absence of the extra addition of POA by 
strains with an increased copy number of 
the penDE gene. Closed circles correspond 
to DS17690 (7-8 clusters), DS17690penDE10, 
DS17690penDE10-11 and DS17690penDE30 without 
the addition of POA, and open circles display 
DS17690penDE10, DS17690penDE10-11 and DS17690penDE30 
with the addition of POA.
Lane 1 2 3 4 5 6 7 8 9 10 11 12
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Frmentation characteristics of penDE overproducing strains. To determine if 
in the batch cultures of the high yielding strains with additional penDE copies, 
the availability of the side chain precursor is a limiting factor, fermentation 
experiments were performed with the DS17690 parental strain and derived 
strains in which a further 2.5 g/l of phenoxyacetic acid (POA) was added after 
3 days of growth. After 5 days of growth, both the (DS17690) and derived 
(DS17690penDE10, DS17690penDE10-11 and DS17690penDE30) strains showed an 20-
30% increase in penicillin V production when additional POA is added (Fig. 
5). This demonstrates that in the newly constructed penDE overexpressing 
strains, production is not limited by the availability of phenoxyacetic acid.
Since IAT also catalyzes the hydrolytic reaction from penicillin V to 6-APA 
(3), the extracellular levels of 6-APA were determined after 5 and 7 (data not 
shown) days of growth using LC-MS. With more than 20 copies of penDE, 
a marked (4 - 5 fold) increase in extracellular 6-APA levels was noted in the 
DS47273 (3 clusters) and DS17690 (7-8 clusters) derived strains (Fig. 6). This 
was not apparent at the lower copy numbers (4-11), which suggests that 
the decrease in penicillin V production at high IAT levels is caused by an 
conversion of penicillin V or isopencillin N into 6-APA. It should be noted 
that in the DS47274 (1 cluster) derived strains, in which penicillin production 
is limited by the lower level of expression of the biosynthetic gene cluster, 
only low levels of 6-APA were formed irrespective of the number of penDE 
copies (2-15). Therefore significant levels of 6-APA are formed only when the 
penicillin production levels are high and IAT activity is in excess.
Figure 6: 6-APA production by strains with an 
increased copy number of the penDE gene. Closed 
circles correspond to strains DS47274 (1 cluster), 
DS47274penDE2, DS47274penDE4 and DS47274penDE15-16. 
Open circles show strains DS47273 (3 clusters), 
DS47273penDE4, DS47273penDE5 and DS47273penDE24. 
and closed triangles display DS17690 (7-8 
clusters), DS17690penDE10, DS17690penDE10-11 and 
DS17690penDE30.
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The increase in industrial β-lactam production by P. chrysogenum has been 
mainly the result of an intense classical strain improvement (CSI) program 
that amongst others resulted in a large increase in the copy number of the 
entire penicillin biosynthesis cluster that readily undergoes multiplication in 
between tandem repeats (39). Previously, we have studied a series of isogenic 
strains that differed in the copy numbers of the penicillin biosynthesis cluster 
to reveal potential bottlenecks in high yielding strains (100). The study 
showed the accumulation of substantial levels of isopenicillin N in strains 
harboring high number of the biosynthetic gene cluster. Furthermore, the 
level of IAT protein saturated already at low cluster copy numbers suggesting 
that this enzyme is limiting for penicillin production in high yielding strains. 
However, in such cells the expression of phl was also reduced likely because 
of the depletion of the precursor phenyl- or phenoxyacetic acid that also act 
as inducers for phl expression. Thus, it could not be excluded that penicillin 
production in high yielding strains is limited by the availability of CoA-
activated phenoxy- or phenylacetic acid, although under such circumstances 
accumulation of 6-APA and 8-hydroxypenicillic acid (8-HPA) which is a 
formed upon reaction of 6-APA with CO2, would be expected rather than the 
accumulation of IPN. To resolve this issue, we have introduced additional 
copies of the penDE and phl genes into three different host strains containing 
1 (DS47274), 3 (DS47273), or 8 (DS17690) copies of the penicillin biosynthesis 
cluster. In the approach, the copy number of penDE was elevated with few 
(1 or 2) and many (15 or more) copies, while for the phl gene, present in 
all these strains as a single copy gene, the copy number could be increased 
up to 16-fold. The results clearly show that substantially higher levels (up 
to 2-fold) of penicillin were produced upon the introduction of additional 
copies of the penDE gene provided that the copy number does not become too 
high, i.e., less than 10. In contrast, the increase in the phl gene copy number 
only marginally affected penicillin production. Moreover, introduction of 
additional copies of penDE or phl in the DS47274 strain that contains only 
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a single biosynthetic gene cluster did not result in an increased production 
of penicillin V. Apparently, the levels of the other biosynthetic enzymes 
limit production. In this study, we also introduced an IAT variant with an 
improved peroxisomal targeting signal, and a variant in which the introns 
in the penDE gene were removed. However, this did not result in a specific 
improvement beyond that observed by overexpression of the native penDE 
gene (data not shown).
With some of the clones, high copy numbers of the penDE gene were 
obtained of 15 up to 30. In these strains, IAT was overexpressed to very high 
levels, showing that the pcbC promoter can boost the penDE transcript levels 
to much higher level than its native promoter. Apparently, the increased 
transcript levels overcome the possible bottlenecks in either the translation, 
maturation, targeting or microbody translocation of IAT. In this respect, a 
change of PTS1 targeting signal for microbody localized proteins from the 
less optimal ARL to SKL (66) did not further improve the strains, thus making 
targeting a less obvious candidate for the limiting step. Also maturation does 
not seem to be limiting for IAT expression as the immunoblot analysis of 
IAT revealed only low levels of unprocessed IAT in the high penDE copy 
strains. Unprocessed IAT was essentially absent in the low copy number 
strains. Possibly the mRNA stability and/or degradation are factors that limit 
the IAT production in low copy number strains. Surprisingly, in the strains 
with the very high numbers of the penDE gene, the penicillin V production 
levels decreased with a concomitant increase of 6-APA. The latter suggests 
the uncontrolled removal of the side chain of penicillin. This is likely due to a 
loss in balance between the expression levels of IAT versus ACVS and IPNS, 
wherein the excess of IAT causing a loss of penicillin V production because of 
the hydrolase activity of IAT on penicillin V and/or IPN. Interestingly, with 
strain DS47274 that contains a single copy of the biosynthetic gene cluster, 
these very high numbers of penDE copies did not result in significant 6-APA 
production consistent with the notion that in this strain the availability of 
the biosynthetic enzymes is limiting for production. Thus, 6-APA production 
upon the high overexpression of penDE must be linked to high levels of 
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intracellular IPN or penicillin V. Since the affinity of IAT to convert IPN or 
penicillin V into 6-APA is low (3), this reaction will occur to a significant 
extent only at high intracellular concentrations of IPN or penicillin V. 
Therefore, at these high production levels, export of the final product out 
of the microbody and/or the cell might become limiting, or alternatively the 
activity of PCL becomes limiting in provide sufficient activated side chain to 
the IAT enzyme, resulting in the intracellular accumulation of IPN. 
Summarizing, the introduction of additional copies of the penDE gene 
encoding for IAT into high penicillin yielding strains results in a substantial 
increase in penicillin production. However, this expression must be balanced 
with that of the other biosynthetic enzymes, i.e., these high levels of penicillin 
production are not obtained when the IAT levels are too low or too high. In 
the latter case, IAT utilizes some of the IPN or penicillin V as a substrate, 
resulting in reduced penicillin V production and an accumulation of 6-APA. 
This study provides a rational approach to increase the penicillin production 
levels in industrial strains.
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The ABC transporter ABC40 encodes a phenylacetic acid
export system in Penicillium chrysogenum
Stefan S. Weber, Andriy Kovalchuk, Roel A.L. Bovenberg and Arnold J.M.
Driessen
The filamentous fungus Penicillium chrysogenum is used for the industrial production 
of β-lactam antibiotics. The pathway for β-lactam biosynthesis has been resolved 
and involves the enzyme phenylacetic acid CoA ligase that is responsible for the 
CoA activation of the side chain precursor phenylacetic acid (PAA) that is used for 
the biosynthesis of penicillin G. To identify ABC transporters related to β-lactam 
biosynthesis, we analyzed the expression of all 48 ABC transporters present in the 
genome of P. chrysogenum when grown in the presence and absence of PAA. ABC40 
is significantly upregulated when cells are grown or exposed to high levels of PAA. 
Although deletion of this transporter did not affect β-lactam biosynthesis, it resulted 
in a significant increase in sensitivity to PAA and other weak acids. It is concluded 
that ABC40 is involved in weak acid detoxification in P. chrysogenum including 





Industrial production of β-lactam antibiotics by the filamentous fungus 
Penicillium chrysogenum is mainly based on a classical strain improvement 
process (32, 106). The enzymes involved in the biosynthetic pathway and 
their localization are known (97). Penicillin biosynthesis starts with the 
formation of the tripeptide δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine, 
from the three amino acids α-aminoadipic acid, valine and cysteine, by the 
nonribosomal peptide synthetase δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine 
synthetase (ACVS; encoded by pcbAB). Secondly, β-lactam ring closure 
occurs by isopenicillin N synthase (IPNS; encoded by pcbC). After these steps, 
which take place in the cytosol, isopenicillin N enters the microbody, where 
isopenicillin N acyltransferase (IAT; encoded by penDE) exchanges the side 
chain using a coenzyme A activated organic acid as a substrate. Extensive 
research on industrial strains has led to the identification of critical mutations 
and alterations that contribute to the productivity, most importantly the 
amplification of the penicillin biosynthesis gene. However, many of the 
key (intra)cellular transport processes predicted to be of importance have 
remained obscure. 
Previous studies have shown that phenylacetic acid (PAA), the side chain 
precursor of penicillin G enters the cell through passive diffusion (57). PAA is 
a weak acid, and its influx into the cell causes the acidification of the cytosol 
as the undissociated acid can permeate the cell and dissociate to release 
the protons (79, 108). Acidification of the cytoplasm results in inhibition of 
enzyme activities and amino acid transport (43, 79), ultimately resulting 
in cell death. However, acidification of the cytoplasm is likely not the only 
explanation of weak acid toxicity. For instance, the more hydrophobic sorbic 
acid may disrupt the membrane organization, resulting in oxidative stress 
because of a loss of respiratory chain function (107), and thus toxicity might 
be a multifactorial process. In Saccharomyces cerevisiae an extrusion system 
for weak acids has been described. This ABC transporter called PDR12 is 
not only used to prevent acidification of the cytoplasm, but it also exports 
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products of yeast metabolism out of the cell (55, 107).  Pdr12 shows similarity 
to Pdr5 a well studied multidrug transporter of S. cerevisiae and other known 
multidrug transport systems in yeast and filamentous fungi.
Here we have analyzed the expression of all 48 ABC transporters present 
in the genome of P. chrysogenum when grown in the presence and absence 
of the side chain precursor phenylacetic acid (PAA), aiming to identify 
ABC transporters related to β-lactam biosynthesis. The results yielded one 
significantly upregulated transporter (Abc40) in the presence of PAA, and 
its role in ß-lactam biosynthesis and weak acid resistance was investigated. 
Materials and Methods
Fungal strains, media and culture conditions. Penicillium chrysogenum 
DS17690, and its derivates were kindly supplied by DSM, The Netherlands. 
Spores immobilized on rice were inoculated in YGG medium containing (in 
g/l): KCl (10), glucose (20), yeast nitrogen base (YNB) (6.66), citric acid (1.5), 
K2HPO4 (6) and yeast extract (2). After inoculation, spores were incubated 
for 24h in a rotary incubator at 200 rpm and 25 °C. On day 0, the mycelium 
was diluted 7 times in penicillin production medium (PPM) containing (in 
g/l): glucose (5), lactose (75), urea (4), Na2SO4 (4), CH3COONH4 (5), K2HPO4 
(2.12), KH2PO4 (5.1), and phenylacetic acid (2.5), supplemented with 4 ml 
of trace element solution containing (g/l): EDTA (31.25), sodium citrate 
dihydrate (43.75), FeSO4 ∙ 7H2O (24.84), MgSO4 ∙ 7H2O (0.0125), H3BO3 
(0.0125), Na2MoO4 ∙ 2H2O (0.0125), CuSO4 ∙ 5H2O (0.625), ZnSO4 ∙ 7H2O (2.5), 
CoSO4 ∙ 7H2O (0.625), MnSO4 ∙ H2O (3.04) and CaCl2 ∙ 2H2O (1.6). Adjusted 
to pH 6.5. After dilution, the mycelium was grown for 7 days in a rotary 
incubator at 200 rpm and 25 °C.
Construction of deletion mutants and transformation to P. chrysogenum. 
Construction of deletion mutants and transformation to P. chrysogenum 
was performed according to (78). Primers for the amplification of the 
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flanking regions of Pc22g17530 (abc40) can be found in Table 1. Protoplasts 
were isolated and transformation was done using a linearized fragment 
of pKO-aa5-AMDS containing the flanking regions of Pc22g17530 and the 
acetamidase gene (amdS) used as selection marker on plates with acetamide 
as nitrogen source.
gDNA extraction and Southern analysis. Genomic DNA (gDNA) was 
isolated after 48h of growth in YGG medium using a modified yeast genomic 
DNA isolation protocol (52) in which the fungal mycelium is broken in a 
FastPrep FP120 system (Qbiogene) (119). 
Total RNA extraction, and cDNA amplification. Total RNA samples were 
taken after 5 days of growth in penicillin production medium with and 
without side chain (PAA), or after 96h of growth in penicillin production 
medium without side chain a pulse with PAA (20 mM), adipic acid (10 mM), 
acetic acid (10 mM), benzoic acid (6 mM) or sorbic acid (2 mM) was added 
and samples were taken 0, 20 and 60 min. after addition of the weak acid. 
Total RNA was isolated using Trizol (Invitrogen), with additional DNase 
treatment by the Turbo DNA-free kit (Ambion). Total RNA was measured 
with NanoDrop ND-1000 and set at a concentration of 500 ng per cDNA 
reaction. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-
Rad) in a 10 µl end volume.
qPCR analysis. The primers for analysis of all ABC transporters and γ-actin 
(Pc20g11630), which was used as a reference for normalization, can be found 













Table 1: Oligonucleotides used in this study.
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in table 1 of the suppl. data. A negative reverse transcriptase (RT) control 
reaction was used to exclude gDNA contamination in isolated total RNA. 
The expression levels were analyzed, in duplicate or triplicate, with a 
MiniOpticon system (Bio-Rad). The SensiMix SYBR mix (Bioline) was used 
as a master mix for qPCR with 0.4 µM primers. The following thermocycler 
conditions were used: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15s, 
60 °C for 30s, and 72 °C for 30s. 
Determination of metabolite concentrations. The extracellular concentration 
of phenylacetic acid and penicillin G in the culture medium were determined 
using high-pressure liquid chromatography (HPLC) analysis, using an 
isocratic flow of acetonitrile at 245 g/liter, KH2PO4 at 0.64 g/l, and H3PO4 at 
0.34 g/l. Peaks were separated on a Shim-pack XR-ODS 2.2 (Shimadzu) at a 
flow of 0.5 ml/min and detected at a wavelength of 254 nm. Production levels 
were corrected for growth differences by dry weight measurements.
Susceptibility assay.  Penicillin production medium agar was used without 
glucose and with the addition of different concentrations (mM) of the 
following weak acids: phenylacetic acid: 50, 62.5, 75, 100 and 125; acetic acid: 
5, 10, 15, 20 and 25; adipic acid: 12.5, 25, 37.5 and 50; sorbic acid: 2, 2.75, 3.5, 
and 4.25; and benzoic acid: 6, 7.5, 9 and 10.5. The pH of the medium was 
set to pH 6.2. Spores of P. chrysogenum ∆Pc22g17530 and its ancestor were 
counted, plated and incubated at 25 °C. After 5 days of growth the number 
of visible colonies were determined and expressed as colony forming units 
(CFU) relative to the control grown in absence of a weak acid.
Expression of abc40 in S. cerevisiae Δpdr12. Escherichia coli DH5α was used 
as host strain for transformation, and plasmid DNA amplification (119). The 
primer pair A40-fw and A40-rv, indicated in Table 1 was used to amplify 
abc40 using cDNA obtained from isolated total RNA as a template. The 
amplified PCR product was cloned into pDONRTM 221 (Invitrogen) using BP 
clonase, creating pDONR-abc40. Subsequently, a LR reaction was performed 
using pDONR-abc40 together with the pYES-DEST52TM gateway vector 
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(Invitrogen), resulting in pDEST52-abc40. In the following step pDEST52-
abc40 was transformed to S. cerevisiae BY4741Δpdr12 using a modified yeast 
transformation protocol (119, 120), resulting in S. cerevisiae BY4741Δpdr12-abc40. 
The obtained strain was used in a susceptibility assay. S. cerevisiae strains 
BY4741, BY4741Δpdr12 and BY4741Δpdr12-abc40 were with or without the omission 
of uracil  grown overnight in mineral medium (89) containing (g/l): raffinose 
(20), urea (2.3), KH2PO4 3, MgSO4 ∙ 7H2O (0.5), histidine (0.2), leucine (0.2), 
methionine (0.2), uracil (0.2), EDTA (0.015), ZnSO4 ∙ 7H2O (0.0045), CoCl2 ∙ 
6H2O (0.0003), MnCl2 ∙ 2H2O (0.00084), CuSO4 ∙ 5H2O (0.0003), CaCl2 ∙ 2H2O 
(0.0045), FeSO4 ∙ 7H2O (0.003), Na2MoO4 ∙ 2H2O (0.0004), H3BO3 (0.001), KI 
(0.0001), biotin (0.00005), calcium pantothenate (0.001), nicotinic acid (0.0001), 
myo-inositol (0.025), thiamine-HCl (0.001), pyridoxol-HCl (0.001), and para-
aminobenzoic acid (0.0002). Cells were diluted to a concentration of 4 ∙ 106 
per ml and 10 µl of 2 times serial dilutions were spotted on plates containing 
mineral medium plates supplemented with 50 mg/l D-galactose, and 2 or 4 
mM PAA (at pH 5.3). Plates were incubated for 7 days at 30 °C. 
 Results
Figure 1: Quantitative Real Time PCR analysis of the expression of all 48 ABC transporter genes present 
in the genome of P. chrysogenum. Samples were taken after 3 (black bars) and 5 (white bars) days of 
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Identification of ABC40. For the production of penicillin G, P. chrysogenum is 
grown in the presence of the weak acid phenylacetic acid (PAA). To identify 
ABC transporters related to β-lactam production, the transcript levels of all 
ABC transporters in the genome was determined. Herein, P. chrysogenum 
DS17690 was grown in the presence and absence of 18 mM PAA for 5 days 
and total RNA was isolated. At this stage in fermentation the concentration 
of PAA is about 12 and 10 mM for 3 and 5 days of growth respectively (data 
not shown). For qPCR analysis γ-actin was used as a reference gene and 
a control for contamination was performed using RNA as a target. The 
experiment revealed a remarkable increase in the expression of Pc22g17530 
(abc40; Fig. 1) after 3 and 5 days of growth in the presence of PAA. In the 
absence of PAA, hardly any expression of abc40 was observed, hence the 
large fold-increase as shown in Fig. 1. In contrast, all other ABC transporters 
were either not expressed or did not show a clear difference in transcript 
levels when comparing growth in the presence and absence of PAA. 
Expression levels of abc40 in strains containing different copy numbers of 
the penicillin biosynthetic gene cluster. High levels of ß-lactam production 
are obtained in industrial strains of P. chrysogenum amongst others because of 
the presence of multiple copies of the penicillin biosynthesis cluster. Recently, 
a series of isogenic strains in which the clusters were removed have become 
available (100). To understand the function of ABC40 in P. chrysogenum, the 
expression level of the abc40 gene was determined in a strain with a single 
(DS47274) and with eight copies (DS17690) of the penicillin biosynthesis 
cluster. These two strains differ about 4 – 5 fold in the level of ß-lactam 
production (100). The expression was determined after 5 days of growth in 
the presence of PAA or phenoxyacetic acid (POA), which is the precursor 
for penicillin V production. Although the absolute expression of the abc40 
gene was ~1000 fold higher in the presence of PAA in comparison with the 
expression in the presence of POA (Fig. 2), transcript levels of abc40 were ~10 
fold higher in the single cluster strain when compared to the eight cluster 
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strain in the presence of POA, and about ~100 fold higher when the cells are 
exposed to PAA. Thus, in the higher penicillin yielding strain, the expression 
of abc40 is reduced as compared to the low penicillin yielding strain.
Targeted inactivation of ABC40 and ß-lactam production. The abc40 gene 
was inactivated in P. chrysogenum strain DS54466 in which the ku70 gene 
involved in non-homologous recombination is deleted (124) by double 
crossover using a linearized plasmid (Fig. 3A). Selected clones were able to 
utilize acetamide as a sole nitrogen source, indicating that the DNA fragment 
has integrated in the genome. From three of the transformants, chromosomal 
Figure 2: Quantitative Real Time PCR analysis of the expression 
of abc40 in DS47274 (single copy strain; black bars) and DS17690 
(8 copy strain; white bars) grown in the presence of phenoxyacetic 
acid and phenylacetic acid.
Figure 3: Inactivation of the 
abc40 gene. (A) abc40 inactivation 
cassette, 5’ and 3’ flanking 
regions of abc40 were fused to 
the amdS selection marker under 
the control of gpdA promoter 
using the Gateway Three 
Fragment Vector Construction 
Kit (Invitrogen). (B) Southern 
analysis and hybridizations 
with an abc40 flanking region 
probe after digestion with SalI, 
fragments of ~3.7 and ~4.8 kb 
were expected for DS54466 and 
∆abc40 respectively. All three 
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DNA was isolated, digested with SalI, and analyzed by Southern analysis 
(Fig 3B). Expected fragments were ~3.7 kb for DS54466 and ~4.8 kb for 
transformants containing the correct insert indicating the deletion of the 
abc40 gene.
The deletion of the abc40 gene had no effect on the growth of P. chrysogenum 
in penicillin producing medium (data not shown). To determine whether 
ABC40 is involved in the production of penicillin G and/or V, the extracellular 
levels of penicillin G (Fig 4A) and V (Fig 4B) were determined after 5 and 7 
days of growth of the abc40 deletion strains and its parental strain in the 
presence of PAA and POA, respectively. The results show that the deletion 
of abc40 did not result in a significant change in the production of penicillin 
G or V, nor did it affect the utilization of PAA and POA. 
Toxicity of phenylacetic acid and other weak acids. Since the abc40 gene 
is highly expressed when the fungus is grown in the presence of PAA, the 
toxicity of PAA and other weak acids was determined for the three isolated 
abc40 deletion strains and the parental strain. Herein, spores of DS54466 and 
the ∆abc40 strains were plated on PPM agar supplemented with increasing 
concentrations of phenylacetic acid, phenoxyacetic acid, benzoic acid, sorbic 
acid, adipic acid and acetic acid at pH 6.2. While colonies were still formed 
Figure 4: Penicillin G (A) and penicillin V (B) production by the DS54466 and the ∆ABC40 strains. 
Production levels were determined after 5 (black bars) and 7 (white bars) days of growth.




















































after 5 days on plates containing 100 mM PAA (Fig. 5A), colony formation 
was dramatically decreased or even completely absent when any of the 
three ∆abc40 strains was used. Similarly, benzoic acid (Fig. 5B) and sorbic 
acid (Fig. 5C) were significant more toxic to the ∆abc40 strain as compared 
to the parental strain. No significant difference in colony formation could 
be observed using acetic acid (Fig. 5D) and adipic acid (Fig. 5E). POA is 
considerably less toxic to the cells as compared to PAA, and when tested 
up to a concentration of 125 mM, there was no major difference of colony 
formation when the wild type and abc40 deletion strain were compared (data 
Figure 5: Toxicity assay using ∆abc40 (open circles) and its parental strain DS54466 (closed circles) using 
the weak acids phenylacetic acid (A), benzoic acid (B), sorbic acid (C), acetic acid (D) and adipic acid 
(E). The number of colony forming units (CFU) were scored and plotted relative to the control in the 
absence of weak acid.
Phenylacetic acid (mM)
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not shown). These data suggest that ABC40 is involved in the detoxification 
of PAA and other toxic weak acids.
ABC40 expression in response to phenylacetic acid and other weak acids. 
The expression of abc40 in response to sublethal concentrations of PAA, 
POA, benzoic acid, sorbic acid, adipic acid and acetic acid was determined 
by quantitative Real Time PCR. As expected, a drastic increase in transcript 
levels of abc40 was observed when the cells were exposed to PAA (Fig. 6). 
Interesting, benzoic acid elicited a similar response, whereas a significant 
increase in transcript levels, albeit at a lower level, was also observed when 
cells were exposed to POA and sorbic acid. Adipic acid and acetic acid did 
not cause an increase in abc40 expression (Fig. 6). This data confirms the 
results obtained in the toxicity assays, and suggest that ABC40 is a weak 
acid transporter that is expressed when cells are challenged with high levels 
of these compounds. 
Complementation of the Saccharomyces cerevisiae ∆pdr12 strain by abc40. 
Like ABC40, the PDR12 ABC transporter of the S. cerevisiae is a member 
of ABC-G type of multidrug exporters that protect cells against toxic 
concentrations of weak acids by expelling these compounds from the cell. 
ABC40 is based on homology the most closely related ABC transporter of 
P. chrysogenum to PDR12 of S. cerevisiae. To test whether ABC40 is able to 
Figure 6: Quantitative Real Time PCR analysis 
of the expression  of abc40 in  strain DS54466 in 
response to adipic acid, acetic acid, sorbic acid, 
phenoxyacetic acid, benzoic acid and phenylacetic 
acid. Expression was determined after 20 (black 
bars) and 60 (grey bars) minutes and related to 




































































complement the weak acid susceptibility of the S. cerevisiae ∆pdr12 strain, 
abc40 was introduced into the S. cerevisiae ∆pdr12 strain. Overnight cultures 
were serial dilluted, and spotted on plates containing 0, 2 and 4 mM of PAA. 
After 7 days of growth at 30 °C, cells lacking PDR12 (S. cerevisiae BY4741Δpdr12) 
showed a clear increased sensitivity to PAA (55) (Fig. 7). Expression of abc40 
in the S. cerevisiae ∆pdr12 strain (BY4741Δpdr12-abc40), resulted in a partially 
recovery of this phenotype, further suggesting that ABC40 functions as a 
weak acid exporter.
Discussion
Figure 7: Phenylacetic acid toxicity assay of S. cerevisiae BY4741 (WT), BY4741Δpdr12 (∆pdr12) and 
BY4741Δpdr12-abc40 (∆pdr12-abc40). Plates were supplemented with 2 and 4 mM phenylacetic acid, and 
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During the last 70 years, the filamentous fungus Penicillium chrysogenum 
has undergone an extensive classical strain improvement (CSI) programme 
that has led to a dramatic increase in β-lactam production. The increased 
production of β-lactam consequently required higher levels of side chain 
precursors to keep up with the production capacity of the improved strains. 
One of the side chain precursors used in this process is phenylacetic acid 
(PAA), which is a weak acid, is toxic to the cells when employed at high 
concentrations. P. chrysogenum Wisconsin54-1255, the common ancestor 
of modern production strains is unable to grow at the high concentration 
of PAA used in this study, i.e., 9 – 18 mM. In contrast, the high penicillin 
yielding strain P. chrysogenum DS17690 is largely invariant to such PAA 
concentrations implying that these cells must have developed resistance 
mechanisms to PAA. Since modern production strains are unable to degrade 
phenylacetic acid into acetoacetate and fumarate using the homogentisate 
pathway (8, 37, 38, 95), because of a mutation in the phenylacetic acid 
hydroxylase (pahA) protein (116), the only options left for detoxification are 
either active excretion of PAA or the rapid conversion of PAA into β-lactam 
antibiotics.
The results obtained during this study show that the deletion of the ABC 
transporter ABC40 in P. chrysogenum does not affect β-lactam production by 
the high yielding strains and thus ABC40 does not seem to fulfill a direct role 
in this process. However, the expression of abc40 is dramatically elevated 
upon growth in the presence of the side chain precursor PAA, most likely 
resulting in more functional ABC40 transport proteins present in the cell. 
This seems to contradict earlier results in which the high level expression 
of abc40 was not observed (53, 142). However, in the those studies, cells 
were grown in a glucose limited chemostat using a much lower starting 
concentration of PAA (4 mM) as compared to the shaken flask experiments 
conducted in this study (i.e., 18 mM). In our PAA challenge experiments a 
high concentration of PAA was needed to observe the high level of expression 
found in the shaking flask growth experiments. Moreover, the expression of 
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abc40 was more elevated in strain DS47274, a derivate of the DS17690 strain 
containing only a single copy of the penicillin biosynthesis  gene cluster, 
when compared to its ancestor DS17690. Taken together these data suggest 
that the expression of abc40 is dependent on the concentration of its inducer 
as PAA. The higher expression in the DS47274 strain likely relates to the 
slower conversion of PAA into penicillin G as compared to the high yielding 
strain DS17690, which leaves more of the inducer in the medium in the 
course of the fermentation experiment.
The deletion of the abc40 gene rendered cells more sensitive to PAA, benzoic 
acid and sorbic acid, and this is paralleled by an increase in the transcript 
levels of abc40 when the cells exposed to these compounds. Several other 
weak acids, i.e., acetic acid and adipic acid, did not act as inducers of abc40 
expression nor did the abc40 deletion strain show an increased sensitivity to 
these compounds. The ability to act as an inducer likely relates to the logP 
values of the compounds. Phenylacetic acid (1.505), benzoic acid (1.559) and 
sorbic acid (1.268) all have a predicted logP values of around 1.5, whereas 
acetic acid (-0.322) and adipic acid (0.079) show a logP around 0. Likely, the 
higher logP compounds can permeate the membrane more easily than acetic 
acid and adipic acid, and thus act as inducers by a mechanism that sofar is 
unresolved. ABC40 may not be the only transporter involved in PAA export. 
The expression of all remaining ABC transporters in the abc40 deletion strain 
grown in the presence of PAA was unaltered (unpublished data) and thus 
this did not reveal possible additional candidate for PAA export. However, 
transporters belonging to the major facilitator superfamily (MFS) may also 
contribute to the remaining weak acid resistance capacity. Finally, we could 
show that ABC40 partially restore the growth effect in S. cerevisiae strain 
lacking the major weak acid ABC transporter PDR12 when exposed to PAA. 
Thus, these results suggest that ABC40 fulfills a similar role as PDR12 in 
S. cerevisiae, and functions as an ATP-dependent extrusion system for weak 
acids to protect cells to these compounds. These data support the suggestion 
that PAA is actively secreted by an ATP-dependent exporter (30). However, 
the suggested transporter ABC11 (Pc22g14600) is only weakly expressed 
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under shaking flask growth conditions and is not upregulated by the 
presence of PAA (Fig. 1). Our data indicate that ABC40 (Pc22g17530) must 
be the key responsible ABC transporter for this phenomenon. An important 
conclusion of our work is that P. chrysogenum relies on at least two different 
detoxification mechanism to cope with the high concentration of PAA in 
the fermentation broth, i.e., the active extrusion of PAA from the cell, and 
the enzymatic conversion of PAA into penicillin G. In strains that exhibit 
high production levels of penicillin G, the latter mechanism dominates. 
However, in strains that show reduced production rates of pencillin G (early 
production strains, reduced biosynthetic gene cluster numbers), the ABC40 
transporter is expressed because of the residual high levels of PAA allowing 
an detoxification mechanism that also depends on the ATP-dependent 
extrusion of PAA.
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Table 1: Oligo’s used for qRT-PCR






















































































The ABC transporter ABC40 encodes a phenylacetic acid export system in Penicillium chrysogenum
























































































































Genome wide analysis of the  β-lactam associated 
transportome in Penicillium chrysogenum
Stefan S. Weber, Kateřina Olejníčková, Jeroen G. Nijland, Andriy 
Kovalchuk, Jean-Marc Daran, Jack T. Pronk, Roel A.L. Bovenberg and 
Arnold J.M. Driessen
Industrial production of β-lactam antibiotics using the filamentous fungus 
Penicillium chrysogenum is based on successive microbial strain improvement cycles. 
Analysis of these strains has led to the identification of several important mutations 
in high-producing strains. Most notably these are the amplification of the penicillin 
biosynthesis genes, the elevated transcription of genes involved in biosynthesis of 
the amino acid precursors, and genes encoding microbody proliferation proteins. 
However, many of the key (intra-)cellular transport processes have remained obscure. 
In this study we have performed a genome-wide analysis of the transportome of the 
high production strain P. chrysogenum DS17690 in the presence and absence of the 
side chain precursor phenoxyacetic acid, aiming to identify transport genes involved 
in β-lactam production. The results yielded several candidate genes that were 





The improvement of the industrial production of β-lactam antibiotics by 
the filamentous fungus Penicillium chrysogenum is largely obtained by 
classical strain improvement (32, 106). Biosynthesis of penicillin starts 
with the formation of the tripeptide δ-(L-α-aminoadipyl)-L-cysteinyl-D-
valine, using the three amino acids α-aminoadipic acid, valine and cysteine. 
This step is catalyzed by the nonribosomal peptide synthetase δ-(L-α-
aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS; encoded by pcbAB). 
In the next step the β-lactam ring is formed by isopenicillin N synthase 
(IPNS; encoded by pcbC). Following, isopenicillin N enters the microbody, 
where isopenicillin N acyltransferase (IAT; encoded by penDE) exchanges 
the α-aminoadipic acid side chain for a coenzyme A activated organic acid. 
For instance, phenylacetic acid is activated by phenylacetic acid CoA ligase 
(PCL; encoded by phl) and used by IAT to form the penicillin G. Analysis 
of industrial strains has resulted in the identification of critical mutations 
and alterations that contribute to the productivity, most importantly the 
amplification of the penicillin biosynthesis gene cluster. In addition, many 
genes encoding potential multidrug like transporter genes are upregulated 
in industrial strains, but the key (intra)cellular transport processes remain 
to be elucidated. In this respect, unlike other clusters encoding secondary 
metabolites (25, 91, 138), the biosynthetic gene cluster of P. chrysogenum does 
not harbor a specific transporter gene.
P. chrysogenum contains 830 genes that encode transport proteins. The 
majority of these are secondary transporters (688), of which 416 belong to 
the Major Facilitator Superfamily (MFS). A total of 49 ABC transporters have 
been identified (142). Secretion of penicillin in P. chrysogenum is sensitive to 
verapamil (56, 141), which is an antagonist of multidrug transporters. This 
suggests that secretion must be an active process, which is facilitated by (a) 
MDR-type of transporter(s). Because of the compartmentalized nature of the 
β-lactam pathway in P. chrysogenum, multiple transport steps will most likely 
play an important role to assure an optimal flux through the biosynthetic 
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route (Fig. 1). During fermentation, the levels of penicillin outside the cell 
are much higher than inside, which is further indication that penicillin is 
exported actively (142). Also in the closely related filamentous fungus 
Aspergillus nidulans an ABC transporter (atrD) has been found to be involved 
in penicillin production (4). 
Here we present a genome-wide analysis of the transportome of P. 
chrysogenum DS17690, aiming to identify transport genes involved in β-lactam 
production. The results yielded a number of potential candidates that have 
been inactivated without a significant effect on penicillin V biosynthesis.
Materials and methods
Fungal strains, media and culture conditions. P. chrysogenum DS17690 strain 
was kindly supplied by DSM, The Netherlands. Immobilized spores on rice 
were inoculated in YGG medium containing (in g/liter): KCl, 10.0; glucose, 
20.0; yeast nitrogen base (YNB), 6.66; citric acid, 1.5; K2HPO4, 6.0; and yeast 
extract, 2.0. After incubation for 24h in a rotary incubator at 200 rpm and 
25 °C, the mycelium was diluted 7 times (day 0) in penicillin production 
medium (PPM) containing the following (in g/liter): glucose, 5.0; lactose, 
75; urea, 4.0; Na2SO4, 4.0; CH3COONH4, 5.0; K2HPO4, 2.12; KH2PO4, 5.1; 
Figure 1: Adapted from (34). Compart-
mentalization of penicillin biosynthesis. δ-(L-α-
aminoadipyl)-L-cysteinyl-D-valine synthetase 
(ACVS) and Isopenicillin N synthase (IPNS) are 
localized to the cytosol, whereas phenylacetic 
acid CoA ligase (PCL) and Isopenicillin N 
acyltransferase (IAT) are present in the microbody. 
Possible transport steps are indicated with white 





























and phenyl- or phenoxyacetic acid, 2.5. After dilution, the mycelium was 
supplemented with a trace element solution (pH 6.3) and grown for 5 days 
in a rotary incubator at 200 rpm and 25 °C.
Microarray analysis. Samples for microarray analysis were taken after 5 days 
of growth in penicillin production medium. After filtration using a büchner 
funnel, the samples were quickly frozen using liquid nitrogen. Samples were 
processed as formerly described (142), but with the following modification; 
Double-stranded cDNA synthesis was carried out using 10 µg of total RNA 
and the components of the One Cycle cDNA Synthesis Kit (Affymetrix). The 
double-stranded cDNA was purified (Genechip Sample Cleanup Module, 
Qiagen) before in vitro transcription and labeling (GeneChip IVT Labeling 
Kit, Affymetrix). Acquisition and quantification of microarray images 
and data filtering were performed using the GenChip Command Console 
Software (AGCC) (Affymetrix, Santa Clara, USA). Arrays were globally 
scaled to a target value of 100, using the average signal from all probe sets. 
The arrays were analyzed as previously described (147). Significant changes 
in expression of the replicate arrays experiments were assessed statistically 
by using the software Significance Analysis of Microarray (SAM version 
1.21). 
Total RNA extraction and cDNA amplification. Samples for total RNA 
isolation were taken after 5 days of growth in penicillin production medium. 
Trizol (Invitrogen) was used to isolate total RNA. After total RNA isolation 
an additional DNase treatment by the Turbo DNA-free kit (Ambion) was 
performed. Total RNA was measured using the NanoDrop ND-1000 and a 
concentration of 500 ng was used per cDNA reaction. cDNA was synthesized 
using the iScript cDNA synthesis kit (Bio-Rad) in a 10-µl end volume.
qPCR analysis. The primers for expression analysis of selected transporters 
and the reference γ-actin (Pc20g11630) are listed in table 1. A negative reverse 
transcriptase (RT) control reaction was used to exclude gDNA contamination 
in isolated total RNA. The expression levels were analyzed in duplicate, 
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Table 1: Primers used during this study
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using a MiniOpticon system (Bio-Rad). 0.4 µM primers and SensiMix SYBR 
mix (Bioline) was used as a master mix for qPCR. The following thermocycler 
conditions were used: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15s, 
60 °C for 30s, and 72 °C for 30s. 
Construction of deletion mutants: Primers for the construction of deletion 
mutants can be found in table 1. Deletion mutants were constructed according 
to (78).
Determination of metabolite concentrations. The concentration of 
extracellular phenyl-, phenoxyacetic acid, penicillin G and V in the culture 
medium were determined using high-pressure liquid chromatography 
Figure 2: Heatmap of transcript levels of genes 
related to penicillin biosynthesis, precursor 
biosynthesis and phenylacetic acid catabolism. 
P. chrysogenum DS17690 was grown in shaken 
flask cultures in the absence and presence of 
phenoxyacetic acid (POA). The color indicates 
the range of the transcript levels for each gene, 
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(HPLC) analysis, using an isocratic flow of acetonitrile at 245 g/liter, KH2PO4 
at 640 mg/liter, and H3PO4 at 340 mg/liter. Peaks were separated on a Shim-
pack XR-ODS 2.2 (Shimadzu) at a flow rate of 0.5 ml/min and detected at a 
wavelength of 254 nm.
Results
Transcriptome analysis of transporters. To identify transporters involved in 
the production of β-lactam antibiotics, transcriptome analysis was performed 
on P. chrysogenum DS17690 shaken flask cultures grown for 5 days in the 
presence and absence of phenoxyacetic acid (POA). The genes involved 
in β-lactam production and its precursors, were affected by the inclusion 
of POA in a similar way as in chemostat cultures grown in the presence 
of phenylacetic acid (PAA) (142) with the exception of genes involved in 
phenylacetic acid degradation that were not upregulated (Fig. 2).
In the microarray data obtained from chemostat cultures, 36 transporters 
were significantly (~3 fold or more) upregulated in the presence of PAA, 
suggesting that these transporters are potentially involved in β-lactam 
production. Some of the transporters genes discovered during this study 
have already been analyzed by single deletion studies without yielding 
Figure 3: Analysis of all transport 
genes present in P. chrysogenum. 
Each dot represents a transport 
gene Expression without POA is 
depicted on the x-axis and with 
POA is shown on the Y-axis.
Expression DS -






















a phenotype (Nijland, Kovalchuk and Weber unpublished results; See 
Appendix 1). In the transcriptome analysis performed in this study (http://
molmic35.biol.rug.nl), most transporter genes in P. chrysogenum shows no 
large differences in expression when cells are grown with and without 
POA (Fig. 3), therefore a low threshold of 2-fold was used was used in 
this study. This resulted in 18 transport proteins (Pc12g08340, Pc12g15850, 
Pc13g06330, Pc14g00150, Pc16g03870, Pc16g03910, Pc16g05670, Pc16g06850, 
Pc16g14380, Pc18g03050, Pc20g13400, Pc20g14390, Pc22g00100, Pc22g00200, 
Pc22g06500, Pc22g07870 and Pc22g21590) upregulated by the presence 
of POA (Appendix 2). Amongst these transporters are 2 ABC transporters 
(Pc12g15850 and Pc16g03870) significantly upregulated, three other ABC 
transporters (Pc12g00190, Pc20g12220 and Pc20g05090) were more than 2-fold 
downregulated and the other ABC transporters are not affected significantly. 
Surprisingly amongst those transporters is ABC40 (Pc22g17530). The signals 
detected for this specific transporter are not above the lower threshold of 
12, suggesting that this transporter is not affected by the addition of POA. 
However, earlier quantitative Real Time PCR data show that ABC40 is 
affected ~5 fold by the 20 to 60 min. after the addition of POA (data not 
shown).  The gene Pc20g04030 was excluded from further analysis, because 
it was analyzed during an earlier study and deletion showed no phenotype 
(Nijland, unpublished data; Appendix 1).
Figure 4: Quantitative Real-
Time PCR analysis of genes 
selected from microarray data. 
Samples were taken after 5 days 
of growth in the absence (black 
bars) and presence of either 
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Quantitative Real-Time PCR. To confirm the microarray data, the 17 
remaining candidates were further analyzed by qPCR after 5 days of growth 
in the absence and presence of PAA or POA (Fig. 4). Results show that for 7 
transporters (Pc14g00150, Pc16g03870, Pc16g03910, Pc20g13400, Pc20g14390, 
Pc22g00100 and Pc22g21590) a significant increase in transcript levels 
occurred when one or both different side chain precursors added.
Targeted inactivation of candidate genes. The 7 potential candidates were 
inactivated in P. chrysogenum strain DS54466. In this strain the ku70 gene 
involved in non-homologous recombination is deleted (124), therefore 
double crossover using the non homologous end joining pathway is the 
preferred route of integration of a linearized plasmid. Selected clones were 
able to utilize acetamide as a sole nitrogen source, indicating that the DNA 
fragment has integrated in the genome. Targeted inactivation was confirmed 
for 6 candidate genes (Pc14g00150, Pc16g03870, Pc16g03910, Pc20g13400, 
Pc22g00100 and Pc22g21590) by PCR using specific primers for the insert 
and the gene of interest. Deletion of Pc20g14390 failed, because a correct 
inactivation plasmid could not be constructed.
Figure 5: Penicillin V production 
of P. chrysogenum deletion 
mutants. Samples were taken 
after 5 (black bars) and 7 days 
(gray bars) of growth. Penicillin 
V production by the wild-type 
after 7 days of growth was set to 
100 %.




































Penicillin V production. To analyze the production of Penicillin V by the 6 
different deletion mutants, the medium broth was analyzed after 5 and 7 days 
of growth. Production levels were corrected for small growth differences 
by dry weight determination. Results show that deletion of the 6 different 
transport genes does not influence penicillin V production (Fig. 5).
Discussion
The dramatic increase in penicillin production by P. chrysogenum has been the 
result of successive microbial strain improvement cycles. Analysis of high 
production strains has led to the identification of several important mutations, 
most importantly the amplification of the biosynthetic gene cluster (39), 
which unlike other biosynthetic gene clusters of secondary metabolites does 
not encode a specific transporter gene (25, 91, 138). In a previous study, it was 
shown that the transcription levels of genes involved in biosynthesis of the 
amino acid precursors as well as genes encoding microbody proteins were 
elevated (142). Another study suggests that the transport of penicillin across 
the cell membrane must be an active process (56). However, the identity of 
the transporter(s) involved has remained elusive.
To identify transporters involved in β-lactam production we performed a 
transcriptome analysis of shaken flask cultures of a high production strain 
of P. chrysogenum in the presence and absence of phenoxyacetic acid (POA). 
Genes involved in β-lactam production and its precursors, were affected in 
a similar way as in chemostats (142), with the exception of genes involved 
in phenylacetic acid (PAA) degradation, which are affected by the addition 
of PAA in chemostats (142), but not by POA added in this study. Apparently 
POA does not induce the homogentisate pathway (116). We have identified 
18 genes that were upregulated by 2-fold or more in the presence of POA. A 
more detailed analysis by quantitative real-time PCR showed that 7 of these 
genes responded highly significantly to the presence of one or both of the 
precursors PAA or POA. A possible explanation is that most of the (selected) 
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transporters are expressed at a relatively low expression level, and small 
differences in the transcriptome analysis can lead to a significant change 
in expression. However, the transporter (Pc16g14380) with the highest 
expression (AU) in the presence of POA, does not show a significant change 
in the presence of either PAA or POA when analyzed by qRT-PCR. Our 
double check (microarray and qRT-PCR), at least excluded false positives. 
Of the 7 candidates, 6 genes could be deleted but the deletions did not result 
in a major change in penicillin V production. The remaining candidate 
transporter (Pc20g08470), which was not analyzed in this study, could be 
potentially involved β-lactam secretion and needs to be further analyzed. 
However, since the biosynthetic gene cluster does not contain a specific 
transporter, the possibility exists that β-lactam secretion is the result 
of the concerted action of multiple transporters. Thus, the deletion of a 
single transporter might only marginally affect β-lactam secretion when 
compensated by another system.
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Transporters analyzed earlier in single deletion studies. Candidate genes were identified using different 
approaches, mainly by microarray analysis (142).


















































similarity to MFS drug transporter Bcmfs1 - Botryotinia fuckeliana
strong similarity to quinate transport protein qutD - A. nidulans
strong similarity to oligopeptide transporter Opt1 - S. cerevisiae
strong similarity to mitochondrial carrier protein YMR166c – S. cerevisiae
strong similarity to choline permease Hnm1 - S. cerevisiae 
weak similarity to polyamine transport protein Tpo4 - S. cerevisiae
similarity to polyamine transport protein like protein An02g01100 - A. niger 
strong similarity to carboxylic acid transport protein Jen1 - S. cerevisiae
strong similarity to fluconazole resistance transporter Flr1 - S. cerevisiae
strong similarity to MDR ABC transporter An02g04910 – A. niger
strong similarity to quinate transport protein qutD - Aspergillus nidulans
strong similarity to carboxylic acid transport protein Jen1 - S. cerevisiae
strong similarity to high-affinity nicotinic acid permease Tna1 - S. cerevisiae
strong similarity to high-affinity nicotinic acid permease Tna1 - S. cerevisiae
strong similarity to membrane protein Tpo2 - Saccharomyces cerevisiae
strong similarity to glucose permease Rgt2 - Saccharomyces cerevisiae
strong similarity to hexose transporter Hxt2 - Saccharomyces cerevisiae
strong similarity to lysine permease Lyp1 - Saccharomyces cerevisiae
strong similarity to allantoate permease Dal5 - Saccharomyces cerevisiae
strong similarity to hypothetical membrane protein YIL166c - S. cerevisiae
strong similarity to hypothetical membrane protein YMR088c - S. cerevisiae
strong similarity to peptide transporter PTR2 - Arabidopsis thaliana
weak similarity to ABC multidrug transport protein atrB - A. nidulans
similarity to hypothetical transport protein YCR023c - Saccharomyces cerevisiae
strong similarity to benomyl methotrexate resistance protein MDR1 - C. albicans
strong similarity to polyamine transport protein Tpo1 - Saccharomyces cerevisiae
strong similarity to multidrug resistance protein atrD - Aspergillus nidulans
strong similarity to ferrioxamine B permease Sit1 - Saccharomyces cerevisiae
strong similarity to cadmium resistance protein Ycf1 - Saccharomyces cerevisiae
strong similarity to sugar transport protein Stl1 - Saccharomyces cerevisiae
strong similarity to multidrug resistance protein Hol1 - Saccharomyces cerevisiae
strong similarity to ABC transport protein atrB - Aspergillus nidulans
strong similarity to membrane protein Tpo2 - Saccharomyces cerevisiae
strong similarity to ABC transporter CDR4 - Candida albicans
strong similarity to hypothetical PEP translocator protein At2g25520 - A. thaliana
strong similarity to cadmium resistance protein Ycf1 - Saccharomyces cerevisiae
weak similarity to canalicular multidrug resistance protein cMrp - Rattus norvegicus
strong similarity to breast cancer resistance protein An07g09170 - A. niger
strong similarity to multidrug resistance protein mdr1 - Aspergillus flavus
strong similarity to quinate transport protein qutD - Aspergillus nidulans
strong similarity to carnitine transporter Agp2 - Saccharomyces cerevisiae
strong similarity to hypothetical membrane protein YIL166c - S. cerevisiae
strong similarity to protease Mch5 - Saccharomyces cerevisiae
strong similarity to P-type ATPase ENA1 - Schwanniomyces occidentalis
strong similarity to mitochondrial phosphate transport protein G7 - Glycine max
strong similarity to allantoate permease Dal5 - Saccharomyces cerevisiae
strong similarity to hypothetical protein B15I20.30 - Neurospora crassa
strong similarity to mitochondrial isoleucine--tRNA ligase Ism1 - S. cerevisiae



















































Genome wide analysis of the β-lactam associated transportome in Penicillium chrysogenum















strong similarity to bile acid transporter Ybt1 - Saccharomyces cerevisiae
strong similarity to high-affinity nicotinic acid permease Tna1 - S. cerevisiae
strong similarity to allantoate permease Dal5 - Saccharomyces cerevisiae ABC 
transporter sequence aa7 from patent WO200132904-A2 - P. chrysogenum
strong similarity to carnitine acyl carnitine carrier acuH - Aspergillus nidulans
strong similarity to sugar transporter Sut2 - Pichia stipitis
strong similarity to high affinity glucose transporter HGT1 - Kluyveromyces lactis
strong similarity to H+-biotin symporter Vht1 - Saccharomyces cerevisiae
strong similarity to ABC multidrug transport protein atrB - Aspergillus nidulans
strong similarity to cadmium resistance protein Ycf1 - Saccharomyces cerevisiae
ABC transporter sequence aa5 from patent WO200132904-A2 - P. chrysogenum
strong similarity to multidrug resistance protein atrD - Aspergillus nidulans
strong similarity to aquaporin 3 AQP3 - Homo sapiens
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Chapter 6
The discovery of the antibiotic penicillin by Alexander Fleming in 
1928 has influenced the quality of life dramatically. Nowadays, also 
the genetic and enzymological basis of penicillin production by the 
filamentous fungus Penicillium chrysogenum has been largely resolved. 
The three penicillin biosynthesis genes involved are clustered: 
pcbAB which encodes the nonribosomal peptide synthetase δ-(L-α-
aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS), pcbC encoding 
the isopenicillin N synthase (IPNS) and penDE specifying isopenicillin 
N acyltransferase (IAT). In addition there is a fourth enzyme required 
for penicillin biosynthesis which is a CoA ligase that activates the 
side chain precursor used in the production process. These CoA 
ligase genes are not part of the biosynthetic gene cluster, but located 
elsewhere in the genome. For instance, the phenylacetic acid CoA ligase 
(PCL) is encoded by the phl gene and activates phenylacetic acid for 
penicillin G production. Current industrial production of β-lactam 
antibiotics is based on improved P. chrysogenum strains that were 
subjected to successive cycles of classical strain improvement (CSI) 
using mutagenesis. Genetic analysis of such strains resulted in the 
identification of several important mutations and genome alterations. 
Most importantly the amplification of the biosynthetic gene cluster 
but also mutations that resulted in the elevated expression of the 
penicillin amino acid precursor biosynthesis pathways, microbody 
biogenesis and multidrug transporter genes and the inactivation or 
down regulation  of the side chain precursor degradation pathways. 
Because of the CSI program, current P. chrysogenum production strains 
can be considered as good cell factories for the production of β-lactam 
antibiotics. However, selection was during the CSI program mostly 
based on improved fermentation characteristics and elevated levels 
of penicillin production. This presumably also resulted in mutations 
and alterations that are not directly related to penicillin production. 
Thus, it remains a challenge to fully understand how the process of 
CSI influenced the current production strains.
125
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During the last decade, there has also been a major improvement in the 
genetic toolbox to engineer P. chrysogenum. For instance, the deletion 
of the ku70 homologue involved in non-homologous end joining 
pathway of DNA repair has dramatically the improved transformation 
efficiency. Also the availability of the complete genome sequence of P. 
chrysogenum Wisconsin54-1255, now allows us to use transcriptomic 
and proteomic approaches in discovery programmes and to study the 
genome-wide effect of penicillin production. Recently, P. chrysogenum 
have been successfully re-engineered for the production of other 
β-lactam antibiotics that are normally not produced by this organism. 
Chapter 1 describes the current insights in the genetics and enzymology 
of penicillin production and the metabolic engineering approaches 
to develop P. chrysogenum as a host organism for the production of a 
broad range of peptides. 
Transport processes are another important aspect β-lactam production. 
To be able to understand the biological function of a specific 
transport protein, subcellular localization and inactivation analysis 
is very important. In chapter 2 we provide a complete method for 
the construction of gene deletion mutants and membrane protein 
fusions with GFP for functional analysis and subcellular localization. 
This methodology was used to characterize ABC transporters of P. 
chrysogenum. We also present protocols for cell labeling with organelle-
specific dyes (Hoechst 33342, MitoTracker DeepRed, and FM4-64). 
These protocols can be used to confirm the localization of the GFP 
fusion proteins to a certain intracellular compartment. The methods 
described will allow us to gain more insight in the function of specific 
(membrane) proteins in P. chrysogenum. 
Current production strains contain multiple copies of the biosynthetic 
gene cluster. However, it is not entirely clear what features limit 
the productivity in such strains. An earlier study showed that the 
126
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transcription levels of the genes of the biosynthetic gene cluster 
increased almost linearly with the gene cluster copy number, saturating 
at very high copy numbers. Also, the protein levels of the key enzymes 
ACVS and IPNS correlated well with the transcript levels. On the other 
hand, the IAT protein levels showed only a marginal 2-fold increase 
when the biosynthetic gene copy number increased by 8-fold. This 
suggested that the amount of active IAT enzyme is limiting in high 
yielding strains. An alternative explanation for the non-linearity could 
be that side chain activation is a limiting factor in high production 
strains as the genes encoding the CoA ligases are not part of the 
biosynthetic gene cluster while there is no evidence that these genes 
were also amplified in high yielding strains. In chapter 3 we used the 
non-homologous end joining pathway to integrate additional copies 
of the genes coding for IAT and PCL randomly into the genome of 
P. chrysogenum. The results show that a balanced overexpression of 
the gene encoding IAT results in a significant (up to 2-fold) increase 
in penicillin V production. However, when IAT is overexpressed 
massively, penicillin V production is decreased while the hydrolytic 
product 6-aminopenicillanic acid accumulated. On the other hand, 
the overexpression of the gene encoding PCL only marginally 
affected the penicillin V production. These data confirm that in high 
yielding strains, the activity of IAT is limited for production and our 
gene amplification method now provides a means to alleviate this 
bottleneck. It is important to emphasize that the presence of multiple 
copies of particular genes in the chromosome may also lead to strain 
instability. For instance, during the transformation protocol used for 
P. chrysogenum, it was noted that copies of the amplified biosynthetic 
gene cluster were readily lost resulting in a loss of productivity. Thus, 
in order to improve production strains in the future, other genetic 
approaches need to be developed/applied to increase the expression of 
the penicillin pathway enzymes. Herein, synthetic biology approaches 
may be used, for instance by the use of refactoring techniques to 
127
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completely remove regulatory elements for the biosynthetic route and 
driving their expression by the use of suitable synthetic promoters 
that may be obtained by engineering approaches.
Earlier studies have shown that the side chain precursor of penicillin 
G, phenylacetic acid (PAA) enters the cell through passive diffusion. 
PAA is a weak acid and its influx into the cell causes acidification of 
the cytosol. This results in the inhibition of enzyme activities and 
amino acid transport and may ultimately result in cell death. Thus in 
typical fermentations, PAA is added to the culture broth in a controlled 
manner to prevent toxicity. An extrusion system for weak acids has 
been found earlier in Saccharomyces cerevisiae. The ABC transporter 
involved, PDR12 is not only used to prevent acidification of the 
cytoplasm, but it also exports products of yeast metabolism out of the 
cell. To examine the contribution of transporters to PAA detoxification, 
we have analyzed the transcription levels of all 48 ABC transporters 
present in the genome of P. chrysogenum (chapter 4). Herein, cells were 
cultivated in the presence and absence of PAA. The results yielded 
one transporter (Abc40) that was dramatically upregulated in the 
presence of PAA. The deletion of abc40 did not affect growth nor did 
it affect β-lactam production by high yielding strains. Strikingly, the 
expression of abc40 was even more elevated in a strain (DS47274) that 
contained only a single copy of the penicillin biosynthesis gene cluster, 
compared to the ancestor DS17690, a strain that contains eight copies 
of this cluster. Since the latter strain consumes the PAA faster than the 
single copy strain, this result suggested that the expression of abc40 
is dependent on the concentration of PAA. Further analysis showed 
that deletion of abc40 resulted in cells that are more sensitive to PAA 
and several other weak acids, such as benzoic acid and sorbic acid. 
Moreover, ABC40 partially restored the growth defect of a S. cerevisiae 
strain that lacks PDR12 when exposed to PAA. Thus, it was concluded 
that Abc40 functions as an ATP-dependent extrusion system for weak 
128
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acids to protect cells to these compounds. However, it is important 
to note that in high yielding strains, Abc40 fulfills only a minor role 
in detoxification of the PAA as in these strains the PAA is readily 
converted into penicillin G. In this respect, penicillin production can 
be viewed as detoxification mechanism to lower the concentration of 
the undissociated weak acid used as a side chain precursor.
Chapter 5 describes an attempt to identify transporters involved in 
β-lactam production, in particular systems involved in the secretion 
of penicillins across the plasma membrane. Herein, a transcriptome 
analysis was performed with shaken flask cultures of a high 
yielding P. chrysogenum strain grown in the presence and absence of 
phenoxyacetic acid (POA). Genes involved in β-lactam production and 
precursor biosynthesis were affected in a comparable way as observed 
in glucose-limited chemostats, with the exception of genes involved in 
PAA degradation that were not upregulated when cells were exposed 
to POA. In total, 18 transporter genes were upregulated at least 2-fold 
in the presence of POA. A more detailed analysis by quantitative real-
time PCR revealed that for only 7 of the transporter genes the response 
was sufficiently significant to motivate a follow up study using gene 
deletions. From the candidate genes, 6 could be inactivated, but the 
deletions did not result in a major change in penicillin V production. 
The remaining candidate transporter (Pc20g08470), not analyzed in 
this study, could still represent a potential β-lactam secretion system 
and this needs to be investigated in the future. However, since the 
biosynthetic gene cluster of P. chrysogenum does not contain a specific 
transporter for the export of its product, the possibility exists that 
β-lactam secretion is the result of the combined effort of multiple 
transporters and that the deletion of a single transporter is compensated 
by another system. Therefore, in future studies alternative screening 
methods are needed to reveal the identity of potential penicillin 
secretion systems. One possibility could be a functional screen in an 
129
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engineered yeast strain capable of β-lactam production but defective 
in secretion. 
Since P. chrysogenum is an excellent cell factory for the production of 
β-lactam antibiotics, the availability of a more advanced genetic toolbox 
for the engineering of P. chrysogenum is desirable. For example: there is 
still a need to transform P. chrysogenum into a high throughput cloning 
and expression platform. The availability of such methods would 
provide further opportunities to explore the results of the classical 
strain improvement program in more detail, ultimately leading to 
the re-engineering of P. chrysogenum for the production of antibiotics. 
However, because of the highly compartmentalized nature of β-lactam 
biosynthesis transport processes will readily form a limiting factor in 
such re-engineering approaches. Therefore, it remains important to 
understand the intimate features of the transporter proteins involved 







De ontdekking van penicilline door Alexander Fleming heeft een 
grote invloed gehad op onze samenleving en de kwaliteit van leven. 
Tegenwoordig is ook bekend welke genen en de daaraan gekoppelde 
enzymen verantwoordelijk zijn voor de productie van penicilline in 
de filamenteuze schimmel Penicillium chrysogenum. Drie van de vier 
genen die betrokken zijn bij de productie van penicilline liggen bij 
elkaar in een zogenaamd gencluster (biosynthetisch gencluster). Deze 
3 genen zijn: pcbAB dat codeert voor het enzym δ-(L-α-aminoadipyl)-
L-cysteinyl-D-valine synthetase (ACVS), pcbC coderend voor 
isopenicillin N synthase (IPNS) en penDE dat codeert voor isopenicillin 
N acyltransferase (IAT). Daarnaast is er nog een vierde enzym of 
klasse van enzymen betrokken bij de productie van penicilline. Deze 
enzymen zijn CoA ligases die verantwoordelijk zijn voor de Coenzym 
A activatie van zijketen die gebruikt wordt tijdens het productieproces 
van penicilline. De genen coderende voor deze enzymen liggen niet 
geclusterd in tegenstelling tot de andere 3 enzymen betrokken bij de 
productie van penicilline, maar bevinden zich elders in het DNA van 
P. chrysogenum. Bijvoorbeeld het enzym phenylacetic acid CoA ligase 
(PCL) gecodeerd door phl is een enzym dat fenylazijnzuur activeert 
en betrokken is bij de productie van penicilline G. De moderne 
industriële productie van β-lactam antibiotica is hoofdzakelijk 
gebaseerd op P. chrysogenum productiestammen die verkregen zijn 
middels meerdere rondes van klassieke stamverbetering. Dit klassieke 
stamverbeteringsproces is hoofdzakelijk uitgevoerd door middel van 
UV behandelingen en behandeling met toxische/mutagene stoffen, 
waarna er hoofdzakelijk geselecteerd werd op verbeterde penicilline 
productie onder relevante productieomstandigheden. Analyse van 
deze verbeterde productiestammen heeft geleid tot de ontdekking van 
verschillende belangrijke mutaties. Hiervan heeft de vermeerdering 
van het aantal kopieën van de biosynthetische gencluster de meeste 
invloed gehad. Daarnaast is er in deze verbeterende stammen een 
verhoogde expressie van de genen coderende voor enzymen die 
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betrokken zijn bij de productie van de aminozuren die als uitgangsstof 
gebruikt worden bij de productie van penicilline, een verhoogde 
expressie van genen die betrokken zijn bij de ontwikkeling van 
peroxisomen en multidrug transport genen, als wel ook de inactivatie 
van genen coderend voor eiwitten die fenylazijnzuur kunnen afbreken. 
Tenslotte is de expressie van genen betrokken bij de morfologie van de 
cellen veranderd, waardoor deze mogelijk meer robuust worden onder 
relevante industriële productieomstandigheden. Door het klassieke 
stamverbeteringsproces kan P. chrysogenum worden gezien als een 
uitstekend organisme voor de productie van β-lactam antibiotica. 
Omdat er hoofdzakelijk werd geselecteerd op verbeterde penicilline 
productie en fermentatie eigenschappen heeft dit proces waarschijnlijk 
ook mutaties veroorzaakt die niet direct te maken hebben met de 
productie van penicilline. Daarom is het interessant vast te stellen 
welke invloed het klassieke stamverbeteringsproces heeft gehad op 
de huidige productiestammen.
De laatste jaren zijn de mogelijkheden om genetische aanpassingen te 
doen in P. chrysogenum enorm uitgebreid. Bijvoorbeeld de uitschakeling 
van het gen dat homoloog  is aan ku70 homoloog. Dit gen is betrokken 
bij de “non-homologous end joining pathway (NHEJ)”. Deze route is 
verantwoordelijk voor het repareren van niet gebroken DNA strengen 
waarvan de uiteinden niet homoloog (gelijk) zijn aan elkaar. De 
uitschakeling van dit gen zorgt ervoor dat de homologe recombinatie 
(een manier van DNA reparatie waarbij de uiteinden van de DNA 
strengen wel homoloog zijn aan elkaar), de voorkeursroute van DNA 
integratie is geworden. Hierdoor ontstaat de mogelijkheid om genen 
uit te schakelen, of om genen te integreren op een van te voren bepaalde 
locatie in het genoom. Ook het beschikbaar komen van de complete 
genoom sequentie van P. chrysogenum Wisconsin54-1255 geeft ons de 
mogelijkheid om te onderzoeken onder welke omstandigheden genen 
wel of niet tot expressie komen (transcriptoom analyse) of welke eiwitten 
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onder bepaalde omstandigheden aanwezig zijn in de cel (proteoom 
analyse). Recentelijk is men er in geslaagd om P. chrysogenum andere 
β-lactam antibiotica te laten produceren welke normaal gesproken 
niet worden geproduceerd door dit organisme. In hoofdstuk 1 
worden de huidige inzichten in de genetica en de enzymologie van 
penicilline productie en de aanpak van het herprogrammeren van P. 
chrysogenum als een organisme voor de productie van een breed scala 
aan verschillende antibiotica.
Een ander belangrijk aspect van de productie van β-lactam antibiotica 
zijn de transport processen die hierbij betrokken zijn. Om de biologische 
functie van een specifiek transporteiwit te kunnen begrijpen, is het 
belangrijk om te bepalen waar in de cel het eiwit zijn werk doet. 
Daarnaast is het ook van belang om specifieke transportgenen 
uit te schakelen en verder te analyseren. In dit proces wordt het 
corresponderende eiwit niet meer aangemaakt en kan het gedrag 
van de mutante cellen wordt vergeleken met dat van de originele 
stam waarin het gen niet is uitgeschakeld. In hoofdstuk 2 wordt een 
methode beschreven voor de constructie van gendeletie mutanten en 
voor het maken van eiwitfusies met GFP (Green Fluorescent Protein), 
een fluorescent eiwit dat gebruikt wordt om de locatie van bepaalde 
eiwitten in de cel te bepalen. Deze methodes zijn gebruikt voor de 
analyse van ABC transporters in P. chrysogenum. Daarnaast worden 
in dit hoofdstuk ook protocollen beschreven voor het merken van 
de cel met organel specifieke kleuringsmethodes (Hoechst 33342, 
MitoTracker, DeepRed, en FM4-64). Deze methoden kunnen worden 
gebruikt om de locatie van GFP-fusie eiwitten te koppelen aan een 
bepaalde organel in de cel en dit is toegepast om meer inzicht te 
verkrijgen in de functie van specifieke (membraan-)eiwitten in P. 
chrysogenum.
Moderne β-lactam productiestammen bevatten meerdere kopieën van 
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de biosynthetische gencluster. Het is echter niet helemaal duidelijk 
welke eigenschappen beperkend zijn voor de productiecapaciteiten 
van deze stammen. Een eerdere studie heeft aangetoond dat de 
expressie niveaus van de genen op de biosynthetische gencluster bijna 
lineair in verband staan met het aantal kopieën van het desbetreffende 
gen, waarbij de lineariteit alleen bij een hoog aantal kopieën afneemt. 
Daarnaast zijn ook de eiwit niveaus van de enzymen ACVS en IPNS 
gerelateerd aan de expressie niveaus. Het eiwitniveau van IAT 
daarentegen stijgt maar met een factor 2, terwijl het aantal kopieën 
van IAT toeneemt met een factor 8. Dit suggereert dat de hoeveelheid 
actief IAT enzym limiterend is in hoge productiestammen. Een 
alternatieve verklaring is dat de hoeveelheid geactiveerde zijketen 
precursor limiterend is in hoge productie stammen, omdat de 
genen coderend voor CoA ligases betrokken bij dit proces geen 
onderdeel zijn van het biosynthetische gencluster. Daarnaast zijn 
er ook geen aanwijzing dat deze genen geamplificeerd zijn in hoge 
productiestammen. In hoofdstuk 3 integreren wij extra kopieën van 
IAT of PCL in het genoom van P. chrysogenum. In dit hoofdstuk laten 
wij zien dat een gebalanceerde overexpressie van het gen wat codeert 
voor IAT ten opzichte van de overige bij dit proces betrokken eiwitten 
een significante verbetering van de penicilline V productie oplevert. 
Wanneer IAT zo ver tot overexpressie wordt gebracht, dat de expressie 
van IAT niet meer in balans is met de overige enzymen die worden 
gebruikt tijdens productie van penicilline is de penicilline V productie 
verlaagd, terwijl het degradatie product 6-aminopenicillanic acid (6-
APA) verhoogd is. De overexpressie van het gen dat codeert voor 
PCL heeft slechts een klein effect op de penicilline V productie. Deze 
gegevens bevestigen dat in hoge productie stammen de activiteit van 
IAT beperkend is voor de productie van penicilline V en dat de gebruikte 
gen amplificatie methode een mogelijkheid biedt om dit probleem te 
verhelpen. Het is bekend dat de aanwezigheid van meerdere kopieën 
van bepaalde genen in het chromosoom kan leiden tot de instabiliteit 
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van een stam. Bijvoorbeeld, tijdens het protocol dat gebruikt wordt 
voor de transformatie van P. chrysogenum is het mogelijk dat een aantal 
kopieën van de biosynthetische gencluster verloren gaan. Dit heeft 
tot gevolg dat de deze stammen een verlaagde β-lactam productie 
hebben. Om in de toekomst productiestammen te kunnen verbeteren 
zullen andere methodes gebruikt moeten worden. Bijvoorbeeld door 
de enzymen tot expressie brengen vanaf een plasmide, of door het 
genoom te herstructureren en hiermee regulerende elementen voor de 
biosynthese van β-lactam antibiotica te verwijderen en de genen voor 
de biosynthese hiervan te plaatsen achter geschikte gesynthetiseerde 
promoteren. 
De zijketen fenylazijnzuur (PAA) gebruikt in de productie van 
penicilline G, wordt door de cel opgenomen middels passieve diffusie. 
PAA is een zwak zuur en opname door de cel veroorzaakt verzuring 
van het cytosol. Hierdoor wordt de enzymactiviteit en het aminozuur 
transport verlaagd en zal dit uiteindelijk resulteren in celdood. Daarom 
wordt PAA tijdens het fermentatieproces toegevoegd in gecontroleerde 
hoeveelheden om het productieproces te optimaliseren. Om verzuring 
van het cytoplasma te voorkomen heeft Saccharomyces cerevisiae een 
uitscheidingsmechanisme voor zwakke zuren, daarnaast scheidt dit 
systeem ook metabolische producten van het organisme zelf uit. In 
hoofdstuk 4 hebben we het expressieniveau van alle 48 in het genoom 
van P. chrysogenum aanwezige ABC transporters geanalyseerd. Hieruit 
kwam naar voren dat één specifieke transporter sterk verhoogd tot 
expressie komt in de aanwezigheid van PAA. Het uitschakelen van 
het abc40 gen heeft geen effect op de groei of op de β-lactam productie 
door hoge productiestammen. Echter een opvallende waarneming was 
dat in een stam (DS47274) die slecht één kopie van de biosynthetische 
gencluster bevat, de expressie van het abc40 gen nog verder verhoogd 
is dan in de DS17690 stam met acht kopieën. Omdat de DS17690 stam 
PAA sneller kan omzetten dan de enkele kopie stam, suggereren deze 
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resultaten dat de expressie van abc40 afhankelijk is van de concentratie 
PAA in het medium. Een meer gedetailleerde analyse heeft aangetoond 
dat stammen waarin abc40 is geïnactiveerd gevoeliger zijn voor PAA 
en andere zwakke zuren zoals benzoëzuur en sorbinezuur. Daarnaast 
kan Abc40 het groeidefect van S. cerevisiae stammen waarin Pdr12 
is geïnactiveerd in aanwezigheid van PAA, gedeeltelijk herstellen. 
Hieruit kunnen wij concluderen dat Abc40 functioneert als een ATP-
afhankelijk uitscheidings systeem dat de cel beschermd tegen zwakke 
zuren. In hoge productiestammen speelt ABC40 echter een beperkte rol 
in de detoxificatie van PAA. In deze stammen wordt PAA snel omgezet 
in penicilline G. De productie van penicilline G waarbij PAA wordt 
gebruikt als zijketen, kan dus ook gezien worden als een detoxificatie 
mechanisme om de concentratie ongesplitst zuur te verlagen.
Hoofdstuk 5 beschrijft een poging om transport eiwitten te identificeren 
die betrokken zijn bij de productie van β-lactam antibiotica en met 
name de systemen die betrokken zijn bij de export van penicillines over 
het plasma membraan. In dit hoofdstuk wordt een expressie analyse 
uitgevoerd met een hoge productiestam van P. chrysogenum in de aan- 
en afwezigheid van fenoxyazijnzuur (POA). Genen die direct betrokken 
zijn bij de productie van β-lactam antibiotica en de uitgangsstoffen 
hiervoor reageren op een vergelijkbare manier als in glucose 
gelimiteerde chemostaten, behalve de genen die verantwoordelijk 
zijn voor de afbraak van PAA. Deze worden niet opgereguleerd in de 
aanwezigheid van POA. Er zijn in totaal 18 genen die coderen voor 
transporteiwitten die tweevoudig of meer opgereguleerd worden in 
de aanwezigheid van POA. Een meer gedetailleerde analyse middels 
kwantitatieve “real time” PCR resulteerde voor maar 7 van de 18 genen 
in een voldoende significante response om deze genen in meer detail te 
bestuderen. Van 6 van deze genen kon het gen worden uitgeschakeld, 
maar de verschillende mutanten resulteerden niet in een significante 
verandering in penicilline V productie. Het overgebleven kandidaat 
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gen (Pc20g08470) is niet verder geanalyseerd in deze studie. Het 
kan niet worden uitgesloten dat deze transporter betrokken is bij de 
uitscheiding van β-lactam antibiotica en onderzoek in de toekomst 
zal moeten uitwijzen of dit het geval is. Omdat het biosynthetische 
gencluster van P. chrysogenum geen specifieke transporter bevat, is 
het mogelijk dat de secretie van β-lactam antibiotica het resultaat is 
van meerdere transport systemen en de uitschakeling van één enkele 
transporter wordt gecompenseerd door een ander systeem. Eén van 
de mogelijkheden hiervoor is en functionele screening in bijvoorbeeld 
een giststam waarin de genen verantwoordelijk voor de productie van 
β-lactam antibiotica zijn ingebracht.
Omdat P. chrysogenum een uitstekend organisme is voor de productie 
van β-lactam antibiotica blijft het van belang dat de mogelijkheden 
om P. chrysogenum te verder te ontwikkelen uitgebreid worden. De 
ontwikkeling van een mogelijkheid om P. chrysogenum te transformeren 
in een ‘high throughput’ klonering en expressie platform zal de 
mogelijkheden om de resultaten van het klassieke stamverbeterings 
programma te onderzoeken fors kunnen uitbreiden. Daarnaast 
zal het feit dat de productie van β-lactam antibiotica plaatsvindt in 
verschillende compartimenten van de cel het herprogrammeren van 
P. chrysogenum bemoeilijken. Het blijft daarom van belang om de 
eigenschappen van de transporteiwitten betrokken bij de productie 
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